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Foreword 


In December 1958 Professor F. G. Gregory retired from the Chair of Plant 
Physiology at Imperial College. His past students and associates wish to pay 
tribute to his personal inspiration and guidance; and this Journal, founded by 
the Society for Experimental Biology, wishes to honour his services to both 
the Society and the Journal. The contributions which follow have all been 
specially written for this issue; and their writers ask that they be regarded 
as the representatives of that far greater number of plant physiologists who 
would have wished to join in this tribute had that been possible. 

Frederick Gugenheim Gregory was born in London on 22 December 1893, 
the fourth of a family of eight. After attending local kindergarten and primary 
schools he entered Owen’s School, London, in 1904 and remained there until 
he entered the Royal College of Science in 1912. He had intended to read 
chemistry; but, being required to attend a course in elementary botany, was 
so extited by Professor J. B. Farmer’s introductory lectures that he transferred 
his registration to botany. In July 1914 he obtained the A.R.C.S. with First 
Class Honours in Botany and the Forbes Memorial Medal and Prize. Rejected 
by the Army—on medical grounds—in August 1914, he continued his studies 
and took the London B.Sc. degree in 1915. 

Meanwhile, in 1913, the Ministry of Agriculture had established at Imperial 
College a Research Institute of Plant Physiology. It was founded for the 
investigation of plant physiological problems of importance in agriculture and 
horticulture, and V. H. Blackman was appointed its Director. Blackman imme- 
diately realized that the most appropriate way of forwarding the aims of the 
Institute was to establish relationships with the research stations at Rotham- 
sted, East Malling, and Cheshunt; and members of the staff of the Research 
Institute were later to be found at work not only at Imperial College, but also 
at these three stations. It was at Cheshunt that Gregory began research work 
in 1915. 

The meteoric career which followed is now well known. The move to 
Rothamsted in 1917; the D.I.C. in 1918; the M.Sc. in 1920 and the D.Sc. in 
1921; the six months at the Gezira Research Station, Sudan, in 1928, which 
revolutionized our knowledge of the factors affecting cotton production; the 
appointment in 1932 as assistant director of the Research Institute, now 
administered by the Agricultural Research Council formed the year before; 
the Chair in Plant Physiology at Imperial College in 1937; the Fellowship of 
the Royal Society in 1941; the Directorship of the Research Institute in 1947 
—a post which he had filled in an ‘acting’ capacity since 1943; the growing 
work on advisory committees, particularly those of the Agricultural Research 
Council; the election in 1956 as a foreign associate of the U.S. National 
Academy of Sciences; and, the greatest honour of them all, the award in 1957 
of the Royal Medal of the Royal Society for his distinguished studies in plant 
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physiology. The range of these studies is remarkable, and no one writer can 
review them all. Some of us will turn immediately to his development of 
growth analysis, or to his work, with Richards and others, on mineral nutri- 
tion; the work with Sen on protein synthesis and respiration; with Porter on 
carbohydrate relationships; the invention, with Pearse, of the resistance poro- 
meter which made possible the modern efflorescence of stomatal physiology ; 
or the work with Purvis on vernalization. Each of us has been influenced by 
a different facet of his work, and another writer would have chosen other 
examples. 

But it is not the work alone which we seek to honour in this volume. His 
unique contribution lies even more in the fact that so many of those who have 
worked with him have themselves become directors of research. For if it is 
doubtful whether any other plant physiologist has added so much to our 
knowledge of plant physiology, it is certain that no other has inspired so many 
additions. But inspiration depends on the personal approach; and that 
Gregory’s approach to a scientific problem would be the reverse of cold and 
calculating could be deduced from his other interests. He admires the novels of 
Meredith, Dostoievsky, and Proust. Widely read in philosophy, he has always 
preferred the metaphysical speculations of Whitehead and the mellifluous 
prose of Santayana to the asperities of Ryle and Ayer. An enthusiastic musi- 
cian, his first piano sonata may show, in its opening and closing movements, 
the influence of his declared admiration for Hindemith and Britten; but the 
slow movement reveals his affection for Mahler and Bruckner. And as in 
literature, philosophy, and music, so also in scientific research his approach 
has always been essentially romantic, in the O.E.D. sense that it has been 
‘characterized . . . by imagination and passion’. And whatever Gregory’s 
current passion—a novel, a philosophy, a piece of music, a new scientific idea 
—he has always insisted on sharing it with his colleagues and students; and 
in this way, in the communication of his owri enjoyment, he has taught us 
that the only enduring reason for doing scientific research is that one enjoys 
doing it. Whatever else may be forgotten, this is the one lesson that all those 
who have passed through his hands can never forget. 

W. T. WILLIAMs 


— 





nl a AT ce a tilt a ran atl D8 we 


ee eee | ee 








ee See eee 


omelet tills lai DE teail te da A aa A n 





Studies on Extension Growth in Coleoptile 
Sections 


III. THE INTERACTION OF TEMPERATURE AND 
B-INDOLYLACETIC ACID ON SECTION GROWTH 


H. W. B. BARLOW!’ AND C. R. HANCOCK? 


SUMMARY 

Wheat coleoptile sections were grown at various temperatures from 1-—40° C. 
in water and solutions of the sodium salt of B-indolylacetic acid (NaIAA) ranging 
from low to very high concentrations (0-001 p.p.m. to 10,000 p.p.m.). 

Growth-time curves are sigmoid, obviously so under conditions unfavourable 
to growth, less clearly as conditions either of temperature or growth-substance 
supply are improved, the point of inflection moving nearer to zero time. The 
growth-rate is reduced by temperatures below the optimum, and although growth 
continues for a longer time, final section length is also reduced. Such reductions 


are also brought about by sub-optimal levels of NaIAA and by supra-optimal 
levels of both factors. 


In the test method employed, sections are grown in closed tubes of small 
volume, and after a time lose turgidity and become waterlogged; the onset of this 
condition is accelerated by high temperature or growth-substance concentration, 
and greatly delayed by low temperature. Under comparable conditions, but with 
the tubes uncorked, flaccidity is delayed even at high temperature or high con- 
centration of NaIlAA. 


If sections are transferred from one temperature to another the change in 
growth-rate is abrupt; effects of transfer on final length are complex. 

A contour diagram represents the idealized relationships between section 
growth and temperature and NalAA supply over their whole range of effective- 
ness. Relations between temperature and growth in other systems are briefly 
discussed. . 


INTRODUCTION 


MAny studies have been made of the effects of temperature on growth in 
both animals and plants, some from the practical aspect of relating per- 
formance to environment, some from the fundamental point of view that 
temperature relationships may throw some light upon the nature of the growth 
process itself. The work to be described here falls somewhere between these 
extremes, because although it sprang from a technical origin the results have 
some wider implications. 

Coleoptile sections elongate entirely by cell extension, and just as their 
response to substances added to the medium in which they are maintained 
may be made the basis of a method of assay of growth promoting or inhibiting 
properties in terms of cell extension, so their response to temperature may 
yield information on the general effect of this factor on cell extension, isolated 


? Member of staff of East Malling Research Station. 
2 Member of staff of Research Institute of Plant Physiology, Imperial College of Science 
and Technology, London, working at East Malling. 
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from the cell division which probably occurs concurrently in most enlarging 
plant organs. 

In the course of studies which arose from the use of coleoptile sections in 
an assay method for ‘promoters’ and ‘inhibitors’ (Barlow, Hancock, and Lacey, 
1957; Hancock, 1958), it became apparent that it would be desirable to obtain 
reliable estimates of the growth-rates of sections soon after placing them in 
the test solutions, but the timing of frequent measurements raised many 
practical difficulties. It was thought that these might be overcome by carry- 
ing out the experiments at a lower temperature, when the whole process of 
growth would presumably be slowed down, and the early part of the growth 
curve could be accurately delineated by measurements at longer time intervals. 
First, however, it was necessary to ascertain that the growth-time curves 
followed a similar pattern at different temperatures. While investigating this 
point it became apparent that the effect of temperature was not only upon the 
growth-rate of the section, but also upon the final length which the section 
attained. This paper shows how temperature and §-indolylacetic acid (IAA) 
concentration interact to affect coleoptile section growth. 


MATERIALS AND METHODS 


Wheat coleoptiles of several varieties were used in the course of the three 
years over which the experiments were carried out. The preparation and 
growth conditions of the 1 cm. sections were similar to those previously 
described (Barlow, Hancock, and Lacey, 1957). The constant temperature 
conditions were achieved in various ways. In the experiments in which very 
frequent measurements were taken, and the effects of transfer from one 
temperature to another were investigated, only constant temperature rooms 
were used, so that there would be no fluctuations during the periods of 
measurement. In other experiments in which a large number of temperatures 
were compared it was necessary to use other methods for controlling the 
temperature, and here small incubators and water baths were used. In these 
cases the tubes containing the sections had to be removed from the constant 
conditions for measurement, but every effort was made to have them out for 
the minimum time possible. In all cases the tubes were rotated at approxi- 
mately the same rate as that used in the standard assay conditions in this 
laboratory of about 6 revs. per minute; this was carried out by placing them 
on small rotating drums or else by attaching them to rotating paddles in the 
water baths. The growth substance used throughout was the sodium salt of 
B-indolylacetic acid (NaIAA) made up as a stock solution at 1,000 p.p.m. (in 
one experiment at 10,000 p.p.m.) and diluted as required with ‘resin-filtered’ 
(Biodeminrolit) distilled water. The stock solution was at pH 7-0, but upon 
dilution the pH fell to 5-8 at o-1 p.p.m. NaIAA. 


RESULTS 


The progress of growth of sections in water, 0-01, o-1, and 1 p.p.m. NaIAA 
at 10° and 20° C. is shown in Fig. 1. It will be seen that the period of increasing 
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growth-rate is considerably extended at the lower temperature where in water 
the point of inflection of the sigmoid curve does not occur until at least 25 
hours from the start of the experiment; as the concentration of NaIAA is 
increased this inflection point occurs earlier, being at about 6 hours at 
I p.p.m. At 20° C. the sigmoid character of the growth curve is still clearly 
evident in water, although the inflection point occurs much earlier than at 
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Fic. 1. Growth-time curves of coleoptile sections in water, 0-1, 1, and 10 p.p.m. 
NalAA at 10° and 20° C. 

To facilitate rapid comparison between the various time scales on the diagrams in 
this paper, 2-hourly intervals are indicated by alternate black and white lines. 


10° C., at about 8 hours; in 1 p.p.m. NaIAA the sigmoid nature of the curve 
cannot be detected. 

It would appear that the curve of the exponential type used in our previous 
publication (Barlow, Hancock, and Lacey, 1957), which fitted the data at 
10 p.p.m. NaIAA extremely well, must not be considered as the generalized 
type for growth of coleoptile sections under our conditions, with growth in 
water and low concentrations of IAA the exceptions, but regarded rather as a 
logical extension of the sigmoid type curve where the inflection point occurs 
very near to zero time. 

It will be noted in Fig. 1 that in addition to the effect of temperature on the 
growth-rate there is a marked reduction in the final length which the sections 
achieve at the lower temperature. This effect is shown over a wider tempera- 
ture range in Fig. 2, which combines the results of two experiments in which 
sections were grown at the following temperatures: 6°, 10°, 36% O20 Ts 
30°, and 33° C., and 2°, 5°, 20°, 24°, 27°, and 30° C. respectively, and in Nal[AA 
concentrations between o and 100 p.p.m. In the first experiment 6 replicates 
of each treatment were used, and in the second 3 replicates. ‘The maximum 
length was ascertained for each tube of 5 coleoptiles regardless of the duration 
of their growth. It will be seen that least growth occurs in water at low 
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temperatures, and this is increased by either raising the temperature or the 
NalAA concentration. The optimum temperature is between 24° and 27° C., 
and the optimum NalIAA concentration 10 p.p.m., the maximum increase in 
length of about 95 per cent. being reached either in 1 or 10 p.p.m. IAA at 
24° C., but almost equal lengths occurring at 27° C. in 1 and 10 p.p.m. and 
at 20° C. in 10 p.p.m. 


100 


LENGTH 
8 


IN 
8 





INCREASE 
> 
° 


% 





° 
Fic. 2. Smoothed surface from the results of two experiments relating final section 
length (as percentage increase over original length) with temperature (°C. on right- 
hand scale) and concentration of NaIAA (p.p.m. on left-hand scale). 
Observed values from the two experiments are shown by solid symbols (tempera- 
ture range 2, 5, 20, 24, 27, and 30° C.) or open symbols (temperature range 6, 10. 
15, 20, 24, 27, 30, and 33° C.). 

A number of additional experiments of this nature were conducted, using 
both higher concentrations of NaIAA and higher temperatures; the results 
of all our experiments pertaining to the effects of temperature and NaIAA 
concentration upon final length are presented in Fig. 3. The 13 experiments 
are distinguished by different symbols, and because of variability between 
tests, final lengths in each concentration have been expressed relatively to the 
mean value at, or near, 20° C. The points are distributed about the line of 
best fit as judged by eye. (Neither a quadratic nor a cubic equation repre- 
sented the data satisfactorily, and as no fundamental significance is attributed 
to the shape of these curves, it was not considered worth while using higher 
powers.) 

It will be seen that the effect of temperature is very similar at all 
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of NaIAA; the optimum lies round about 24° C. in all cases, 
or very low temperatures are about equally deleterious at all 
Again, supra-optimal concentrations are not much more 


inhibitory at high than at normal temperatures—even though little growth 





























— 80 80 a tnd Es 
60 60 ¢ r \, 
40 40} 8 ." 
» 100 : 
20 20 * 
0 : 
= 60 
SY - 
20 20},6 300 
= 6 0 \ 
ha 
us 40 
c 
= 1000 ~ 
° 0 as 
=~ 
60 L 
40 | 
20 =f 3000 
* 
0 0 int tcce, O 
a 20 30 40 0 10 20 30 40 


TEMPERATURE °C 


TEMPERATURE °C 


Fic. 3. Final section lengths (as percentage increase over original length) attained 


in thirteen exp 
of 1 to 40° C, 
at or near 20° 
I p.p.m. 91°9, 


eriments, represented by different symbols, over a temperature range 
For each concentration of NalAA average values for all experiments 
C. are shown by asterisks; these were: water 63°0, 0-1 p.p.m. 84°6, 
10 p.p.m. 93°9, 100 p.p.m. 85-4, 300 p.p.m. 63°9, 1,000 p.p.m. 39°4, 


3,000 p.p.m. 9°6. 
Observed values for other temperatures in each experiment have been adjusted 
relatively to these averages, and are shown distributed about the line of best fit as 


judged by eye. 


was made at 40° C. the sections did not immediately succumb and even 
in 1,000 p.p.m. NaIAA appeared healthy for at least 18 hours—nor do low 
temperatures alleviate the depressing effect of high IAA levels. 

After the maximum length has been achieved there eventually follows in 
all sections a breakdown of the cell and a consequent shrinkage of the section. 
The period between reaching the maximum length and the onset of shrinkage 
is shortest at the highest temperatures and longest at the lowest. Table I 
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shows for one experiment the actual times from the start for 75 per cent. of 
the sections to lose turgidity in each of 56 combinations of temperature and 
IAA concentration. 


TABLE I 


Hours from start for 75 per cent. of the sections in each treatment to 
lose turgidity 
NalAA concentration (p.p.m.) 





= 


"hes ° O'0OI Oo! o'r I 10 100 6. Average 


6 581 477 546 520 486 399 = 317 474 
10 363 328 86340 896204 2900 264 245 303 


is 180 170 185 141 145 92 97 I44 
20 100 100 74 75 66 52 67 76 
24 59 53 53 49 37 37 35 46 
27 56 57 45 38 32 30 35 42 
30 38 40 41 33 32 31 28 35 
33 38 33 35 28 25 20 23 29 


Average 177 I57 165 I47 139 Ir4 r06 


It will be seen that there is a much more rapid loss of turgor at the high 
than at the low temperatures and a lesser effect of NalAA concentration. 

It has been found in subsequent experiments that this effect of tempera- 
ture upon loss of turgor of the sections is intensified in our routine test method 
by the use of closed tubes of small volume (c. 4 ml.). Sections rotated in 
similar uncorked tubes did not show this tendency to become flaccid, and, at 
least for temperatures up to 20° C., under these conditions sections in the 
higher concentrations appeared actually to resume growth after some hours, 
and the optimum concentration (as judged by final length attained) was 
usually somewhat higher for the open than for the closed tubes (Fig. 4). At 
higher temperatures the solution in the open tubes evaporated while the 
sections were still turgid, and although this was after the sections in closed 
tubes had become completely flaccid, strict comparison with behaviour at the 
lower temperatures was not possible. However, the relative effects of tempera- 
ture and IAA concentration on final length or growth-rate are similar in either 
open or closed tubes, and the difference between the two systems while 
interesting in itself, does not affect the findings of the experiments described 
here. 

In view of the very marked differences in growth-rate of the sections at 
10° and 20° C. shown in Fig. 1, it was thought to be of some interest to 
ascertain how rapidly a change in temperature would produce an effect upon 
the growth-rate. Fig. 5 shows the results of an experiment in which sections 
were grown in controlled temperature rooms at 10° and 20° C., and their 
growth followed by frequent measurements; after about 15 hours at 1o° C., 
or 7 hours at 20° C., half the sections from each concentration were transferred 
to the other temperature, and again frequent measurements were made. It 
will be seen that there is a very rapid change in growth-rate when the sections 
are transferred from one temperature to the other, a marked alteration usually 
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occurring within } hour. It will also be noticed that the final lengths of the 
sections (shown towards the right of each set of histograms) differ in the four 
treatments. As in other examples (Figs. 1 and 3) the lower temperature 
reduced final lengths, particularly in water and o-oo1 p.p.m. NaIAA where, 
on the average, sections at 10° C. were 38 per cent. shorter than those at 
20° C. In contrast to this, there was a much smaller, though highly significant 
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Fic. 4. Growth-time curves of coleoptile sections at 20°C. in closed tubes 

e (the routine method in this laboratory), or in similar tubes but without 

corks 0----0, at the concentrations of NalAA shown below each pair of curves. 
Note. Time scale has been contracted after 30 hours. 





effect of temperature at the other concentrations of NaIAA (o*1, 10, and 
100 p.p.m.), where at 10° C. the average final length was only ro per cent. 
below that at 20°C. In water and all concentrations of NalAA (except 
100 p.p.m.), transfer from 20° to 10°C. caused small but not significant 
reductions from the length attained at 20° C. all the time, but transfer from 
10° to 20° C., while significantly reducing growth in water and o-oo1 p.p.m. 
NalAA, had no significant effect at o-1 and 10 p.p.m., and increased the final 
length at 100 p.p.m. 

A period in 10° C., whether before or after being in 20° C., resulted in the 
sections remaining turgid much longer than those sections which were in 
20° C. all the time. In another experiment in which sections were transferred 
from 28° to 10° C. after having almost completed their growth, it was found 
that although very little further growth took place, the flaccidity which at 
28° C. followed very soon after the final length had been achieved, was 
arrested at 10° C. for a considerable period. This observation may have some 
practical application in routine tests in which it is impossible to measure the 
sections when they are near their maximum length, under which circumstances 
they may be placed under cool conditions until measurement can be made. 
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Fic. 5. Histograms showing growth-rate (percentage increase over original length 

per hour) for coleoptile sections in concentrations of NaIAA of 0, 0-001, 0-1, 10, and 

100 p.p.m., grown at 10° C. for the periods shown as solid histograms, or at 20° C. for 

the periods shown as open ones, i.e. column 1 at 10° C. all the time; 2 at 10° C. for 

15 hours and then transferred to 20° C.; 3 at 20° C. for 7 hours and then transferred 

to 10° C.; 4 at 20° C. all the time. Final section lengths are shown at the right-hand 
side of each treatment: sig. diff. (P = 0-01) 6-2. 


DISCUSSION 


It is clear that the amount of growth which a coleoptile section can make 
depends upon both the concentration of growth substance with which it is 
supplied, and the temperature at which it is grown, and that, for a given 
sample of sections, the same length may result from a number of combina- 
tions of these two factors. The data for final lengths of sections from all the 
experiments shown in Fig. 3 have been combined to produce the idealized 
isopleth presented in Fig. 6, and extensions have been made from the experi- 
mental results to the logical extremes of temperature of o° and 43° C., at 
which it may be assumed that no growth will take place at any IAA concentra- 
tion, and the extreme of IAA concentration of about 6,000 p.p.m., which it- 
self inhibits growth completely at any temperature. At the other end of the 
scale, very low growth substance concentrations have been omitted because 
of the complicating issue of the ‘sub-normal response’ (see Barlow, Hancock, 
and Lacey, 1957) shown, for example, in Fig. 2 (solid symbols, particularly at 
5° and 20° C.). This method of presentation illustrates the main result of this 
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work—that while the greatest final length can be attained only under optimum 
conditions of temperature and IAA concentration together (24°C. and 
3 p-p-m. NaI AA in these experiments), a section length below the maximum 
may result from a whole series of combinations of the two factors con- 
sidered—e.g. 60 per cent. increase over the original length may occur in 
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Fic. 6. Isopleth showing the suggested relationship between final section length 

(percentage increase over original length, shown on the contours), temperature, and 

NalIAA concentration. For ease of following the contours they are alternately solid 

and broken. Line AB is drawn at the optimum temperature (24° C.), and CD at the 
optimum NalIAA concentration (3 p.p.m.). 


water at 18° or 27° C., in optimum NalAA at 3° and 355° C. or in supra- 
optimal NaIAA, say 300 p.p.m., at 10° or 28° C. 

The concept of ‘limiting factors’ aptly applies to the situation. Where one 
factor is not limiting, changes in intensity of the other have their greatest 
effect (i.e. along lines AB and CD, parallel with the axes passing through the 
maximum length), and these effects are most marked where the factor con- 
sidered is near its limiting value: at optimum growth substance level the con- 
tours are closest together near to o° or 43° C., and at optimum temperature 
near to 6,000 p.p.m. NalAA. There is no corresponding ‘lower limiting value’ 
for applied IAA, however, because of the part played by the endogenous 
auxin in the section, which is most effective at the optimum temperature; the 
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contours therefore separate and ‘run off’ this edge of the diagram. Conversely 
where both factors are limiting, and one, at least, is at a low level, the 
contours are wide apart (i.e. in both the left and lower corners of the diagram), 
since the beneficial effects of changes in one factor are small where the other 
factor is at a limiting level. Where both factors are supra-optimal there is a 
slight interaction so that the contours are closer together in this upper right 
corner of the diagram than in the other three. 

Considering only levels of these two factors below the optimum, it would 
appear that there are two processes determining final length which do not act 
at the same site. One of these processes promotes extension, and the other 
rather than directly inhibiting it, can be considered as an irreversible effect 
upon the cell which prevents the primary wall from elongating. Such an 
effect could be produced by the deposition of secondary cell wall (Milthorpe, 
1955), Or, as suggested by Wardrop and Cronshaw (1958), there may be an 
effect on the primary cell wall itself; they have shown that at low temperatures 
there is an intensification of the formation of longitudinal microfibrils due to 
the continued deposition and disorientation of the microfibrils on the outer 
surface of the cell wall. (It is, however, difficult to reconcile this with the 
statement in a previous paper (Wardrop, 1956) that no noticeable differences 
were observed between sections grown at 4° and 25° C.). This effect upon the 
cell, whatever may be its nature, is either relatively less reduced by low 
temperatures than extension, or may indeed be increased under conditions 
which do not allow extension. Thus, when sections were grown in water or 
low NalAA concentrations at 10° C. and transferred to 20° C. after a few 
hours, the better conditions did not result in the sections ever equalling the 
length of those at 20° C. all the time. When growth at 10° C. was maintained 
at a higher level by appropriate concentrations of IAA, the effect of the lower 
temperature was reversible, and the sections transferred to 20° C. grew to 
final lengths equal to those of sections at 20° C. throughout (Fig. 5). 

An extreme case of the separation of the two processes of cell extension and 
the deposition of cell-wall material is afforded by Gorter’s (1949) observation 
of the effect of triiodobenzoic acid on root-hair cells: the extension of the root- 
hairs was strongly inhibited, but cellulose was deposited inside the short 
papilla as a mass hanging from the tip. 

Turning to supra-optimal levels of each of the two factors under considera- 
tion, the inhibition brought about by high concentrations of NaIAA is likely 
to be due to action on the same system as that which is employed in growth 
promotion at lower concentrations—for example, by blocking the ‘two-point 
attachment’ necessary for growth as suggested by Foster et al. (1952). 
Certainly the inhibition caused by concentrations up to 1,000 p.p.m. can be 
reversed (Hancock, 1958), and in any case on a priori grounds, it is unlikely 
that the inhibitory effects of high concentrations of [AA would be due to the 
promotion of a process tending to make the ¢ell wall less extensible. 

As to the deleterious effects of supra-optimal temperature, however, ex- 
periments have not been carried out in which sections were transferred from 
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high to optimum temperatures, so that it is not known whether the inhibition 
imposed by such conditions is reversible. It is suggested, as a working hypo- 
thesis, that the inhibition due to high temperature is not of the same nature as 
that due to low temperature; i.e. it is not the accelerated deposition of a less 
extensible cell wall which is limiting extension above the optimum tempera- 
ture, but an interference with some other aspect of cell metabolism. This 
work gives no indication of the nature of this interference, nor does it offer an 
explanation for the observed interaction of the two factors at supra-optimal 
levels. 

The effect of temperature upon final length of the coleoptile section is 
entirely due to its effect on cell expansion, there being no cell division in this 
organ at the stage of growth observed in these experiments; thus it is difficult 
to make direct comparisons with the effects of temperature upon final size in 
animals or most plant organs. It is therefore of interest to note the very 
similar effect of temperature on water uptake of seeds, where presumably no 
cell division occurs, described by Allerup (1958) for wheat and pea, where 
both rate and final uptake are lower at low temperatures than at high (although 
in rape seed similar final uptakes occur at all temperatures, in spite of the rate 
being affected). 

Similar effects of temperature upon growth-rate and final size have been 
described by Gregory (1928, 1955) for the cotyledon and leaf of Cucumis, 
although in these organs cell division as well as cell extension are involved in 
foliar expansion; both growth-rate and final area increase with temperature 
up to an optimum, above which final size is reduced, though growth-rate may 
for a time be higher at these supra-optimal temperatures. 

In the apple leaf in the field (Barlow and Hancock, 1958), the rate of growth 
of the leaf during its most rapid phase of expansion is closely correlated with 
temperature, and final size is in turn related to this growth--rate; the data were 
not adequate to demonstrate a correlation between final size and the tempera- 
tures experienced by the leaf during the whole period of its growth, but such 
a relationship could be inferred. In the case of shoot growth, however, cor- 
relations were obtained between temperature and both growth-rate and final 
internode length (Hancock and Barlow, 1958). Supra-optimal temperatures 
were not approached in either of these studies so that no close parallel can be 
drawn between them and those of Gregory referred to above. 

A contrasting effect of temperature upon final size is found for fish larvae 
by Gray (1928), who also quotes similar effects on the growth of bacterial 
cultures: although the growth-rate increases with temperature, growth ceases 
earlier, and a smaller final size is attained. In these cases, it is considered that 
the utilization of food materials increases to a greater extent than growth at 
the higher temperatures, and consequently growth is limited sooner. This 
does not appear to be the case in the coleoptile section, where the highest 
growth-rate results in the greatest final length, and temperature conditions or 
IAA concentrations which reduce the one always reduce the other, whether 
below or above the optimum. 
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The Growth of the Isolated Root in Culture 


R. BROWN 
(Department of Botany, Royal Botanic Garden, Inverleith Row, Edinburgh, 3) 


SUMMARY 


This paper presents a discussion of the conditions that control changes in the 
rate of division in the apex of the root. Data published earlier indicate three phases 
in the change in the total number of cells in a cultured root; a lag phase, a phase 
of exponential increase, and a final phase in which numbers are approaching a 
stationary state. It is suggested that this succession is determined by change in 
metabolic state that occurs in cells in different parts of the root with age. 


INTRODUCTION 


Ir is a fact that has frequently been recorded that even when environmental 
conditions are constant the absolute growth-rate of any plant system changes 
with time. This phenomenon may be observed in a variety of situations, and 
this contribution is concerned with the origin of the changes in rate in the 
isolated cultured root. In many respects this is admirable material, since it 
provides a considerably simpler system than that of the whole plant, and while 
it represents a fully differentiated and organized unit its growth is not affected 
by that of other organs. Further, since the root grows fully immersed in a 
liquid medium the experimental situation is not complicated by nutrients being 
available only to certain regions. In the culture nutrients are equally accessible 
to all parts of the root. 

The discussion is based on certain measurements of growth in terms of 
changes in numbers of cells, and it involves a revaluation of data already 
published by Brown and Wightman (1952). It may be emphasized that change 
in total number of cells is a particularly sensitive and instructive measure of 
growth. It has been used of course with conspicuous success in analysing the 
growth of cultures of unicellular organisms. It has not hitherto been used with 
multicellular organisms and the data given by Brown and Wightman represent 
the first attempt to measure the growth of a multicellular system in terms. of 
change in total number of cells. At the same time it may be urged that the 
method is likely to be as successful with multicellular as it has been with 
simpler systems, since it is a measure of the basic biological process on which 
all other aspects of growth must depend and from which they must proceed. 

The data of Brown and Wightman shcw with a variety of conditions the 
change in the number of cells in an average root of pea over a cultural period 
which varied from 7 to 9 days. They also show in certain cases the number 
of non-vacuolated cells available in the apical meristem and in later=' root 
primordia at different stages of culture. The values for non-vacuolated cells 
are important since from them changes in the absolute increment may be 
analysed in terms of rates of division. 
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The cultural methods used and the techniques adopted for determining 
numbers of cells are given in the original paper. 


CHANGE IN CELL NUMBER 
The changes in the number of cells in a root cultured over a period of g days 
are shown by the data of Fig. 1. These values were obtained in an experiment 
in which samples were taken from a population at intervals of 24 hours and 
in which the total number of cells, and the numbers of non-vacuolated cells 
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Fic. 1. Change in total number of cells with time in a cultured isolated root. 


in the apical meristem and in lateral primordia were determined. It is clear 
that although most of the cells are being generated from an apical meristem, 
nevertheless, the absolute increment after successive intervals varies con- 
tinuously. It is also clear that the course of change in the total number of cells 
occurs within three distinctive phases. In Fig. 1 the logarithmic values have 
been plotted against time, and the curve is in three sharply distinguished parts. 
The first covering the first interval is comparatively flat, the second covering 
the period from the second to the fifth day the curve is linear and in the third 
covering the final four days the slope of the curve decreases progressively. 
Clearly development is characterized by an initial lag phase, by a subsequent 
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phase of exponential increase in which the relative rate of increase remains 
constant, and by a final phase in which the relative rate of growth decreases 
with time and in which the root is tending to approach a stationary state. 

It is perhaps relevant that the growth of the cultured root shows some of 
the features of the growth of a colony of unicellular organisms. A culture of 
bacteria in a liquid medium may show a similar succession of phases. The 
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Fic. 2. Change in total number of cells in cultures started with 
3°0, 6:0, and 10°0 mm. tips. 


resemblance is remarkable in view of the fact that in the one the cells are 
integrated into a highly differentiated system and in the other they are inde- 
pendent of each other and dispersed in a fluid. The time scales in the two 
connexions are entirely different, however, and the similarity is no doubt 
superficial. Certainly the interpretation that is frequently given for the suc- 
cession in the bacterial culture is not applicable here. The succession of phases 
with the cultured root cannot be attributed to corresponding changes in the 
medium. It has been shown that the final decrease cannot be arrested by 
transferring the roots to fresh media and that media from old cultures have 
no effect on the phase of vigorous growth. The succession of phases is un- 
doubtedly the effect of endogenous changes in the root itself. 

In Fig. 1 while the lag phase is suggested nevertheless it is not particularly 
well defined. In Fig. 2 in certain connexions this phase is more pronounced, 
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and the conditions in which it becomes well defined are for the present pur- 
pose highly instructive. The data of Fig. 2 were obtained in an experiment 
in which the effect of the length of the initial tip was investigated. In this 
experiment three separate cultural series were established from tips 3-0 mm., 
6-0 mm., and 10 mm. in length respectively. Samples were taken from each 
series at intervals of 24 hours and on each the total number of cells and the 
number of non-vacuolated cells were determined. It is evident that from these 
data the length of the lag phase varies inversely with the length of the initial 
tip. When the tip is 3-0 mm. the lag phase is 3 days, when it is 6-o mm. the 
lag only lasts 1 day, and when it is 10°0 mm. growth begins immediately and 
there is no lag phase. 

It may be noted again from this series of observations, that the lag when 
it occurs is succeeded by a phase of exponential increase. When there is no 
lag exponential growth begins immediately. With the series started with the 
two longest tips a phase of decreasing relative rate of increase sets in before 
the cultural period is over. This phase is not shown by the data for the series 
started with the shortest tip, since with these active growth only occupied the 
last 4 days of the experimental period. If the culture had been continued 
longer the final phase would no doubt have been observed. 

With a bacterial culture it may be assumed that in the exponential phase 
all the cells or a constant proportion of them are capable of division, and that 
the constant relative rate of increase in the number of cells is a consequence 
of a constant rate of division. This interpretation implies of course that the 
absolute number of cells that divide increases with time. In the root this is 
certainly not the case. In this division is restricted to a limited region in the 
apex. It is further restricted to cells that are either non-vacuolated or at least 
do not each enclose a large prominent central vacuole. Determinations of the 
number of such cells in the average root have shown that these do not increase 
and may actually decrease. Thus it is probable that an exponential increase in 
the total number of cells can only be maintained by a continuously increasing 
rate of division. With exponential increase the absolute increment increases 
with each successive interval, and if the number of cells capable of dividing 
does not increase correspondingly, then it follows that the rate of division in 
the whole system is increasing with time. 

The probable change in the rate of division is an aspect of the situation of 
primary importance. If it is assumed that division is restricted to non-vacuo- 
lated cells, then a value for the rate of division may be obtained by dividing 
the absolute increment in any interval by the number of non-vacuolated cells 
available during that interval. This procedure gives a value comparable to the 
‘mean generation time’ and represents the number of divisions per meri- 
stematic cell per interval length. A series of such rates of division for the data 
of Fig. 1 are given in Fig. 3, and they have been calculated for the whole 
cultural period. Two sets of values are given for the final period from the fifth 
to the ninth day. Until the fifth day the only non-vacuolated cells are in the 
terminal meristem. After the fifth day primordia are formed, composed of 
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typical non-vacuolated cells. These may contribute to the total increment and 
thus two sets of values are given based respectively on the number in the 
apical meristem only, and on the total number in the root. The correction 
(if such it is) has little effect on the values obtained, and whatever the basis 
of calculation it is evident that the rate of division continues to increase sharply 
throughout the exponential phase. Also that it decreases after the fifth day and 
continues to decrease throughout the final phase of development. 
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Fic. 3. Change in rate of division with time in the culture of Fig. 1. Continuous 
line based on apical non-vacuolated cells only, broken line on total number of 
non-vacuolated cells. 


With respect to the exponential phase, the conclusion that the constant 
relative rate of increase in the total number of cells is sustained by an increas- 
ing rate of division suggests a further implication, which is important for the 
interpretation of the whole succession of phases. The exponential increase 
indicates that the absolute increment in any interval is proportional to the 
number of cells available at the beginning of the interval. This suggests that 
the rate of division is being determined by at least a majority of cells in the 
root. Since this is the case it follows that the rate of division is being controlled 
by a product of all the cells which is swept forward in a polar translocation 
stream and becomes available for division in the apex. It may be suggested 
therefore that division depends on metabolites synthesized in mature regions 
of the root, and that the rate of division in the apex increases with the increase 
in the quantity of metabolites supplied which in turn depends on the number 
of cells in mature regions. 

This conclusion suggests that the lag phase is a consequence of a metabolite 
supply not being available to the apex. The data suggest indeed that the 
meristem itself cannot synthesize the necessary compounds and that when 
the metabolite stream from mature regions is interrupted by excision of the 
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tip that consequently division is arrested. The results obtained with innocula 
of different length support this interpretation. With the longest tip some 
mature tissue is excised with the meristem. This is sufficient to synthesize the 
compounds required for division and growth can proceed immediately. With 
the shortest tip mature tissue is not transferred with the innoculum and in this 
situation growth does not begin until certain of the cells have expanded and 
matured into the state in which synthesis occurs. In the intermediate tip 
(6-0 mm.) certain of the cells have already started development and the time 
they require to reach maturity is correspondingly shorter. 

The factors involved in the induction of the third phase will be considered 
further in the next section. It may be noted in this connexion, however, that 
the decrease in the rate of division that occurs during this phase cannot be 
attributed to a change in the meristem itself, since when the apex is sub- 
cultured vigorous growth is restored. The change from the phase of exponen- 
tial to that of decreasing growth-rate is clearly an effect of a change in the 
mature region of the root. This necessarily implies a change in the metabolite 
stream, but in terms of the data discussed above the position involves two 
possibilities. There is either a reduction in the quantity of metabolites supplied 
to the apex, or a qualitative change in the composition of these such that they 
tend to inhibit division. Certain considerations presented below suggest that 
the second is the more probable explanation. 


CHANGE IN METABOLIC ACTIVITY 


The nature of the primary process which determines the development 
discussed above is suggested by the results of another series of investigations 
on the changes that occur in the metabolic status of the individual cell as it 
ages in the root. 

The growth of the root is characterized by a continuous generation of cells 
in sequence from the terminal meristem. Thus the differences between cells 
at different distances from the apex may be taken as differences between 
cells of different ages. Brown and Robinson (1955) studied the relative activi- 
ties of a group of different enzymes in cells at different distances from the 
apex, but within the zone in which expansion and division occurs. Their 
results show that with respect to particular enzymes the activity of each 
increases as the cell expands. This increase may be attributed partly to the 
synthesis of catalytic protein. As expansion occurs in the intact root the 
protein content of the cell increases and the increase in activity is at least 
partly due to the elaboration of enzyme protein. It is, however, also due 
partly to an increase in the proportion of catalytically active protein. The 
activities of most systems on the basis of unit protein tend to increase as the 
cell expands. This suggests the important conclusion that general metabolic 
activity is low in the meristem and tends to increase as the cell expands. 

The increase in activity is not, however, the same in each case. When pairs 
of enzymes are considered the activity of one relative to that of the other 
changes continuously, and these changes are in certain cases large and spec- 
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tacular. This aspect of the position suggests that as the cell expands the 
metabolic status of the system changes. It may be emphasized that it is not 
necessary to invoke the induction of additional catalytic systems to provide 
for the generation of a different metabolic pattern. A large change in relative 
activity is sufficient to secure this condition. Brown and Robinson discussed 
these results in relation to the mechanism of cell expansion. They have also, 
however, some significance in relation to the mechanism of the control of the 
rate of cell division that is being discussed here. 

The changes that occur after the mature volume is reached have not been 
as extensively studied as the earlier. Brown and Robinson recorded a decrease 
in protein and with it a decrease in the activities of certain enzyme systems 
during early maturity. Their results also suggest that the decreases are rela- 
tively different with the different enzymes. The more fragmentary data of 
Brown and Possingham suggest that these changes continue as the cell ages. 
They recorded progressive changes throughout the length of cultured roots. 
The two sets of data suggest that general metabolic activity increases during 
expansion and thereafter gradually decreases. Also that in both phases relative 
activities change and that therefore throughout development the metabolic 
status of the cell is changing. The change in metabolic pattern during early 
development that incidentally controls the progress of expansion continues 
after this is complete and continues probably throughout the life of the cell. 

Thus at any one time the cells at increasing distances from the apex may 
be represented by a series E,, E,, E3, Ey, E;, Eg, E,.... 

Each term in this series represents a particular enzyme hierarchy in the 
sense that this involves the same set of enzyme activities as every other 
member of the series but in different relative proportions. E, may be taken 
to represent the position in the meristematic apex, E, that in the expanding 
zone, E, that in early maturity, and so on. 

Each member of the series after the first is ultimately derived from E,, and 
on account of the mode of growth of the root each member has traversed the 
states represented by the earlier members of the series. This succession is of 
primary importance for the interpretation of the data of this paper, but the 
significance of it is perhaps more clearly defined by the diagram shown in 
Fig. 4. 

With time while each set of cells is developing into the next state of the 
series another group of cells in an early phase of development is being formed 
from the meristem. A culture begins it may be supposed at time Ty with an 
innoculum composed of cells in the states of E, and E,. In the interval from 
T, to T, growth has occurred and cells have been formed from the meristem 
and been added to the system in the state of E,. At the same time cells that 
were previously in the state of E, have now developed into that of E;. In the 
interval from T, to T, further meristematic activity has increased the length 
of the root and elaborated further cells in the state of E,, but the cells that 
were in this state have developed into E;, and those that were in E, have 
changed into E,, and so on. 
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The significance of the metabolic development of the cell for the interpreta- 
tion of the data of Figs. 1 and 2 may be considered for each of the phases 


separately. 
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F-c. 4. Diagram to show change in metabolic state of the root with time. 
































Lag phase. The effect of the length of the innoculum in itself suggests as 
indicated above that the synthetic capacity of the meristem is limited. This is 
supported by the observation that the activities of all catalytic systems on the 
basis of unit protein are low in the apex. Metabolic activity implies synthetic 
capacity and the independent observations on enzyme activities therefore 
correspond with the conclusions indicated by change in cell number. 

An inspection of the diagram for T, immediately shows that the longer tip 
innoculum is likely to carry a larger variety of cells than the shorter. It will 
possibly carry cells in the state of E, which are in the state which sustains the 
synthesis of metabolites required in division. The shorter tip in the state of 
T, does not involve cells of this type, and growth will therefore not occur and 
a lag will consequently continue until some of the cells in the state of E, have 
had time to develop into E;. When this has occurred growth can then begin. 

Exponential phase. It may be supposed that cells in a limited succession 
produce the metabolites that promote division. For instance, it is possible that 
when cells are in the states of E,, E,, E;, and E, such materials are produced. 
When division begins with the development of E, the rate of division is neces- 
sarily low since the number of cells available for the production of the appro- 
priate nutrients is limited. In the next interval, however, cells are available not 
only in E, but also in E, and the number available for synthesis is larger. As 
a result the rate of division is higher and the absolute increment is corre- 
spondingly larger. This process continues with the number producing the 
appropriate metabolites increasing with each interval. 

Phase of decreasing growth-rate. At a certain stage the oldest cells develop 
into a state in which the synthetic pattern changes and as a result the rate of 
division in the apex decreases. It may be that this stage is reached when a 
development occurs from E, to E,. It may be noted that at this stage the 
number of cells in a state which promotes division has not decreased. Never- 
theless, the rate of division falls. It must therefore be assumed that the synthetic 
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capacity of the oldest cells has changed in such a way that they now form 
substances which when they reach the meristem depress division. The alterna- 
tive possibility that synthesis simply ceases may be disregarded, since in that 
event although the relative rate of increase in the number of cells would 
decrease, the rate of division would not. In fact the rate of division does 
decrease and it must therefore be assumed that the oldest cells are now 
producing a complex of substances which tend to inhibit meristematic activity. 
With time the number of such cells increases and as a result the rate of division 
continues to decrease. 
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The Role of the Scutellum of Cereal Seedlings 
in the Synthesis and Transport of Sucrose’ 
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SUMMARY 


Experiments with carbon-labelled glucose and fructose and organs of wheat 
and barley seedlings suggest that glucose is absorbed from the endosperm by the 
scutellum in germinating grain, simultaneously converted to sucrose, and trans- 
ported in this form to the seedling. The main lines of evidence which support 
these conclusions are (1) the level of sucrose in the scutellum is high and that of 
the free hexose low; the reverse is true of the endosperm and, to a lesser extent, 
of the root and shoot, (2) both isolated and attached scutella absorb hexose readily 
and convert it largely to sucrose under a variety of conditions; roots and shoots 
behave differently, (3) more '*C is accumulated into sucrose by isolated scutella 
than by those attached to seedlings, (4) the presence of enzymes which can effect 
conversion of hexose to sucrose has been demonstrated in scutellum extracts. 
This last body of evidence has also supported the view that sucrose synthesis in 
plants occurs by the pathway mediated by uridine diphosphate glucose as all the 
relevant enzymes have been detected in a single extract. 


INTRODUCTION 


IT is well known that the first stages in germination of cereal grains are domi- 
nated by breakdown of reserve materials in the endosperm to supply the seed- 
ling with carbohydrate for its further metabolism. The form in which sugar is 
transported from the endosperm has been obscure. The scutellum is of prime 
importance in this process being the only link between the endosperm and the 
growing seedling, but although much information is available about the struc- 
ture of this organ, little is known of its carbohydrate metabolism. The results 
presented below indicate that the scutellum absorbs glucose from the endo- 
sperm and simultaneously converts it to sucrose. 

Work by many investigators (Bean and Hassid, 1955; Burma and Mortimer, 
1956; Ganguli and Hassid, 1957) since the first observation that UDPG; may 
transfer glucose to F6P under the influence of an enzyme present in wheat 
germ (Leloir and Cardini, 1955) has indicated that this nucleotide may be a 
co-factor in sucrose synthesis in plants. Although all of the enzymes necessary 


? The work described in this paper forms part of the theses submitted by two of the authors 
(S. I. S. and A. J. K.) for the degree of Ph.D. in the University of London. 

2 Present address: McCollum-Pratt Institute, Baltimore, Maryland, U.S.A. 

3 The following abbreviations are used: ATP, ADP adenosine-triphosphate and -diphos- 
phate; UTP, UDP, UMP, UDPG uridine-triphosphate, -diphosphate, -monophosphate, 
and -diphosphoglucose; G6P, F6P glucose- and fructose-6-phosphates; GiP glucose-1- 
phosphate ; P;, PP inorganic orthophosphate and pyrophosphate; G-U-"C, F-U-"“C uniformly 
labelled glucose and fructose. 
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for conversion of glucose to sucrose by this pathway are known, and circum- 
stantial evidence for their presence in leaves exists, the whole sequence of 
reactions has not previously been demonstrated in any one tissue or organ 
known to synthesize sucrose. Studies of wheat and barley scutellum extracts 
reported here show that they contain all the enzymes required for sucrose 
synthesis, viz. hexokinases, phosphohexoisomerase, phosphoglucomutase, 
UDPG pyrophosphorylase, inorganic pyrophosphatase, UDPG-F6P trans- 
glucosylase, ATP-UDP phosphotransferase. 


MATERIALS AND METHODS 


Most of the sugar phosphates and nucleotides were commercial samples. 
UDPG was prepared by a method suggested by Drs. E. E. B. Smith and 
G. T. Mills in 1956, and was similar to that published later by Leloir and 
Paladini (1957). Cereal grain was obtained from the Official Seed Testing 
Station at Cambridge. Sugars labelled with 4*C were obtained photosyntheti- 
cally from CO, using Canna indica leaves; these sugars were purified by 
paper chromatography immediately before use as small amounts of unknown 
radioactive compounds were formed during storage (compare Baker, Gibbons 
and Shipley, 1958). 

Treatment of plant tissue. About 300 grains (11 g.) of Atle wheat were steri- 
lized in 3 per cent. w./v. sodium hypochlorite solution for 30 minutes. After 
washing to remove hypochlorite the grain was left to soak overnight in tap 
water and then placed in the dark on a sheet of Whatman No. 54 paper resting 
on moist blotting-paper. 

To prepare enzyme solutions batches of scutella which had been cut from 
seedlings with a razor were ground at 2° C. in a glass mortar with sand and 
0-05 M. phosphate buffer pH 7-1~7-4 was added at the rate of 2 ml. per g. 
fresh weight. Coarse cellular debris was removed by low-speed centrifugation. 
The supernatant liquid was dialysed against cold 0-o2 M. phosphate buffer, 
pH 7:3. 

Acetone powders were prepared by grinding 250-300 scutella with sand and 
4 ml. o-1 M. glucose for about 5 minutes and pouring the homogenate slowly 
into 40 ml. acetone at —15° C. with constant stirring. After 15 minutes at 
—15° C. the mixture was centrifuged in the cold. The precipitate was re- 
suspended in 40 ml. cold acetone and centrifuged. Excess acetone was removed 
from the precipitate in a vacuum desiccator. The powder was stored at room 
temperature. Enzyme solutions were obtained by grinding the powder with 
4 ml. o-o5 M. phosphate buffer, pH 7-3, in a Griffiths pattern tissue grinder, 
and centrifuging the suspension at about 10,000 x g for 3 minutes. The ammo- 
nium sulphate solutions used for fractionation of these extracts were adjusted 
to pH 7-7 with ammonia; precipitates were dissolved in phosphate buffer 
pH 7:2 (o°5 ml. per batch) and dialysed against phosphate or veronal buffer 
pH 7:2 for 15-20 hours. 

Barley grain (var. Plumage Archer) was sterilized in a similar way and 
washed in running tap water for 36 hours to break dormancy. Each seedling 
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was removed from the grain with the scutellum attached, and kept for 
4 hours in tap water through which a rapid stream of air was passed. 
They were then transferred to 5 ml. radioactive sugar solution in a sintered 
glass funnel through which air was blown to maintain respiration. The funnel 
was connected to a series of spiral bubblers containing NaOH to absorb 
respired CO,. The seedlings were kept in the dark at room temperature dur- 
ing the experimental period. Active metabolism was indicated by noticeable 
increase in length of the seedlings when incubation was continued for more 
than 2 or 3 hours. At appropriate time intervals the seedlings were removed, 
washed rapidly three times with water, and transferred to boiling 70 per cent. 
v./v. aqueous ethanol. After boiling for 5 minutes they were extracted twice 
more with 70 per cent. ethanol. The extracts were combined and concentrated 
in a vacuum desiccator. 

Analyses. Reducing power was determined by the method of Nelson (1944) 
and Somogyi (1952), fructose and F6P by that of Cole with modifications (see 
Bacon and Bell, 1948), and sucrose, after destruction of free fructose and F6P 
by alkali treatment (Cardini, Leloir, and Chiriboga, 1955), by the same 
method for fructose residues. Inorganic phosphate was estimated by the 
method of Fiske and Subbarow (1925). 

Paper chromatography and electrophoresis of tissue extracts were carried 
out in the usual way; the solvent mixtures used in chromatography were 
n-propanol-ethyl acetate-water (7:1:1 v./v.), m-butanol-acetic acid-water 
(4:1:5 v./v.), and phenol saturated with water for sugars and amino acids, 
and the ethanol-ammonium acetate solvents of Paladini and Leloir (1952) for 
nucleotides. These latter were detected on paper by the Markham and Smith 
(1949) ultra-violet photographic technique. Various concentrations of borate 
buffer, pH g to 9-5, were used for paper electrophoresis. 

Nucleotides containing uridine were separated from digests by adsorption 
on charcoal followed by elution with 50 per cent. v./v. aqueous ethanol. 

Radioactive samples were plated on 1-in. diameter duralumin discs and 
estimated with a thin end-window G-M tube. Kodirex X-ray film was used 
for radioautography of paper chromatograms. 

Various buffers were used for the physiological range of pH. They included 
phosphate, veronal, tris (hydroxymethyl)aminomethane, and triethanolamine. 


RESULTS 

Experiments with G-U-C and F-U-"*C using living tissues. The absorption 
and metabolism of glucose by the scutellum, root, and shoot were separately 
determined. Table I shows the levels of sugars in these organs. It is evident 
that the scutellum contained a higher concentration of sucrose and lower 
levels of glucose and fructose than either root or shoot. The amount of sucrose 
per unit volume of scutellum was even greater than is apparent from these 
results as the dry weight of this organ was close to 30 per cent. of the fresh 
weight, the root and shoot having values of about 10-12 per cent. 
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TABLE I 
Distribution of sugars in various organs of barley seedlings 


Sugars were determined at various times after removal of 72-hour-old seedlings from 
their endosperms. Results are expressed in wg. sugar/mg. dry wt. after ethanol 
extraction. 


‘ Scutellum Shoot Root 
Time ee, es ca a 
ma 2 w FF Ss a? eo oS 

° 225 24 II 128 80 174 69 57 83 


4t 165 24 17 150 89 185 49 31 76 
8t 89 27 16 74 54 116 33 27 56 
* S = sucrose, G = glucose, F = fructose. 
+ After 4 hours in aerated tap water. 
} After a further 4 hours in 5 ml. solution containing 0-1 mg. glucose/ml. 


TABLE IT 
Distribution of *C in seedling organs after absorption of G-U-4C 


‘Tissue from 30 seedlings was placed for 4 hours in 5 ml. of aerated medium containing 
5 pec. G-U-“C (0-2 mg./ml.). (In C anaerobiosis was maintained by passage of a stream 
of N, instead of air.) 

Content of #*C as % total absorbed 





Substrate a —, 
absorbed Glucose 
as % and Insoluble 

supplied CO, fructose Sucrose ‘AB’* material 
A. Isolated organs incubated 
Roots . - go 19°5 6°7 9°5 42 21°5 
Shoots . ‘ 3 en sie abo Sod es 
Scutella . . & 21 2°3 42 26 8-7 


B. Seedlings removed from endosperm and incubated whole. Organs divided and extracted 
after removal from medium 


Roots 71 10°! 12°4 45 33 
Shoots \on 3 \147 joe _ id ee 
Scutella 6°0 78 57 29 6-2 
C. Isolated organs incubated anaerobically 

Roots . - 56 4°7 73T 10°5 2°3 9°2 
Scutella . | 1I°7 21 61 7°5 ns 


* A double band on chromatogram; developed in propanol-ethyl acetaw water 
with Rg close to zero (see text). 

+ 22 per cent. of this value was fructose. 

.-- Too little to determine. 


The distribution of #4C in the seedling organs after absorption of G-U-*C 
is shown in Table IIa. (Although much of the subsequent work was done with 
barley, it was found that wheat, oats, and rye behaved in a similar way. 
F-U-“C was absorbed at about half the rate of G-U-™C, but gave essentially 
the same pattern of labelling.) Both roots and scutella absorbed a large pro- 
portion of the substrate. About half of the #*C in the roots was incorporated 
into material soluble in aqueous ethanol and with low R, in the propanol-ethy! 
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acetate-water system (AB band). Sucrose was a relatively minor radioactive 
constituent. Further resolution of the AB band in other solvent mixtures 
showed that virtually all of the *C contained in it was accounted for by sugar 
phosphates and malic acid (62 per cent. of the radioactivity in the AB banu), 
glutamic (12 per cent.) and aspartic (5 per cent.) acids, glutamine (16 per cent.), 
and asparagine (5 per cent.): the figures in brackets are results of a typical 
analysis. Paper electrophoresis of the sugar phosphate fraction demonstrated 
the presence of G1P, G6P, F6P, and fructose-1:6-diphosphate and small 
amounts of unidentified conipounds. A considerable amount of the activity in 
the root was incorporated into the insoluble material. This was fractionated 
by standard extraction procedures into polysaccharides and protein. The 
hemicellulose released four radioactive sugars on hydrolysis: arabinose, xylose, 
galactose, and glucose. Cellulose gave only labelled glucose. Treatment 
of the insoluble radioactive material with papain gave numerous amino- 
acids which were separated by paper chromatography; autoradiography of 
these for prolonged periods (up to 1 month) showed no corresponding radio- 
active areas. 

In contrast the major proportion of “C was found in sucrose with a lesser 
amount in the AB bands and very little in the insoluble material. The AB 
band had a similar constitution to that of the roots but lacked malic acid. The 
shoot did not absorb the labelled sugar under the conditions of the experiment. 

Whole seedlings treated in the same way as isolated organs behaved simi- 
larly, except that the amount of activity found in the scutellum was relatively 
low (Table IIs); it is concluded that this was due to translocation from the 
scutellum to the roots. 

Radioactive hexose was absorbed also by tissue subjected to anaerobic 
conditions (Table IIc). Anaerobiosis was maintained by suspending seedling 
organs in sugar solution in the usual way and replacing the air stream by a 
stream of nitrogen. No 4C was incorporated into the amino-acids, amides, or 
malic acid, and incorporation into sugar phosphate was considerably reduced. 
Although the total uptake was cut by about half, substantial sucrose formation 
took place in the scutellum. 

It was considered necessary at this stage to ensure that the radioactive 
products were not artefacts induced by starvation of the seedlings, especially 
as the rapid labelling of the amides giutamine and asparagine may have 
indicated extensive protein breakdown (Chibnall, 1939). Experiments were 
carried out, therefore, in which the preliminary 4 hours ‘starvation’ period 
was omitted, and the tissue was also provided with larger quantities of sugar 
(2 mg./ml.); samples were taken after such short time intervals, viz. 2, 5, 10, 
and 15 minutes, that it was unlikely that the seedlings were starving. Under 
these conditions the first radioactive products were always similar to those so 
far described; sugar phosphates, glutamic and aspartic acids and their amides, 
and sucrose were always formed within 5 minutes. 

Attempts to reproduce normal physiological conditions even more closely 
were made by supplying labelled glucose via the endosperm. Barley grains 
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were germinated for 4 days at which time the liquefied portion of the endo- 
sperm was removed by hypodermic syringe and needle. G-U-*C or F-U-4*C 
(5 wc) dissolved in water (0°05 ml.) was injected in its place. The seedlings 
were grown in the dark for a further 24 or 48 hours after which times the 
endosperm was removed and the seedlings were dissected. Results for G-U-!4*C 
shown in Table III show major differences from those of the incubation 
experiments, with regard to roots and shoots, the latter having absorbed a 
large proportion of the activity, and both organs showing much greater levels 
of 14C in the free hexose. Similar results were obtained with labelled fructose. 


Tas_e III 
Distribution of *C after injection of G-U-"C into barley endosperms 


For experimental details see text. 
A. Per cent. distribution of total activity in seedling 








After 24 hours 
foal, iene a After 48 hours ™ 
soluble Insoluble Soluble Insoluble 
fraction fraction fraction fraction 
Root . ‘ ‘ ; . ax 12°7 22°4 15°8 
Shoot . : ‘ F . 428 II’9 36°4 21°7 
Scutellum . é i ; 8°5 2°0 4°5 o'2 


B. Per cent. distribution of activity after 24 hours in the fraction soluble in ethanol 


Glucose 
AB band + fructose Sucrose 
Root ‘ ‘ . : 52 36 12 
Shoot. t , ‘ 26 65 8-7 
Scutellum . 4 ; 25 13°8 62 


Analysis of the scutella, however, closely reflected previous results with 
major incorporation of /4C into the sucrose and little activity in free hexose or 
the insoluble fraction. 

Investigation of enzymes in scutellum extracts. Most of the experiments 
described below were performed using wheat scutella as the enzyme source. 
Sufficient experience was gained with barley, however, to indicate that these 
two cereals are similar with respect to the activities investigated. 

Extracts made in various ways were examined for the enzyme activities 
necessary for sucrose synthesis by the UDPG pathway (see introduction). It 
was realized that invertase and phosphatases would interfere with sucrose 
synthesis, but investigation of root, shoot, and scutellum extracts showed 
that of the three tissues the scutellum appeared to contain least hydrolytic 
activity. Initial velocities are shown in Table IV. 

In view of the ability of the scutellum to absorb fructose as well as glucose 
(see above) an investigation was made into the capacity of scutellum extracts 
to phosphorylate fructose. Results of several experiments with extracts of 
acetone powders showed that most of the glucokinase was contained in the 
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ammonium sulphate fraction precipitating between zero and 40 per cent. 
saturation. All fractions also catalysed the phosphorylation of fructose, and it 
appeared that there were at least two enzymes as the ratio of glucose : fructose 
phosphorylated varied. Results are given in Table V. Products of phosphoryla- 
tion of either glucose or fructose were identified as G6P, F6P, and fructose- 
1:6-diphosphate by paper chromatography and electrophoresis. 


TABLE IV 
Comparison of activities of hydrolytic enzymes in seedling organs 


Results are expressed as uM./min./g. fresh tissue. 


Invertase* 
(sucrose hydrolysed 
calculated from 
increase in ATP’ase* G6P’aset 
reducing sugar) (increase in P,;) 
Root . ° ° 0°23 4°50 
Shoot . P : 0°37 11°84 wal 
Scutellum . ‘ 0°03 2°50 0°39 


* 20 uM. substrate incubated with extract from about 200 mg. fresh tissue per ml., 
pH 7°3. 

+ 10M. substrate incubated with extract from about 70 mg. fresh tissue per ml., 
pH 7:0. ‘ 

t Not examined. 


TABLE V 
Fractionation of hexokinase activities from extracts of scutellum acetone powders 


Reaction mixtures contained 10 1M. ATP, 10 uM. MgCl,, 3 1M. glucose, 10 uM. 
Naf, and extract from about 100 mg. fresh tissue per ml., pH 7:3. Estimates were 
made of residual hexose after removal of sugar phosphates by ZnSO, and Ba(OH), 
(Somogyi, 1945). 





Ammonium sulphate Ratio: 
fraction Glucose phosphorylated Glucose phosphorylated 
% saturation) (uM./min./g. fresh tissue) Fructose phosphorylated 
o-40 0°076 1°62 
40-50 0°026 0°87 
50-60 0°024 0°48 
60-80 0°032 1°30 


As all of the requisite enzymes were found to be present in o—8o per cent. 
saturated ammonium sulphate precipitates of extracts of acetone powders it 
should have been possible to achieve a net synthesis of sucrose by such a 
preparation on addition of glucose, ATP and U'TP (see reaction sequence in 
discussion). In a typical experiment 2°5 uM. G-U-"4C, 1 uM. ATP, 1 uM. 
UTP, 2-5 uM. cysteine, and 1 u.M. MgCl, were added to 0-05 ml. enzyme 
preparation in a total volume of 0-125 ml. pH 7-3. Additional ATP (1 »M.) 
and MgCl, (20 uM.) were added at 30 and 40 minutes respectively. Samples 
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were taken at frequent intervals up to 220 minutes from the start of incuba- 
tion. No sucrose was formed, “C being incorporated only into sugar phos- 
phates. Attempts to convert tracer amounts of G-U-"4C to sucrose in a similar 
digest (0°03 uM. G-U-C, 1 uM. ATP, 1 uM. UTP, 1 »M. MgCl,, 2°5 uM. 
cysteine, 0-05 ml. enzyme preparation, total volume o-1 ml., pH 7-3) resulted 
in the formation after prolonged incubation (over 5 hours) of an unknown 
radioactive compound which behaved similarly to sucrose on paper chromato- 
grams developed in propanol-ethyl acetate-water but differently in other 
solvents, and which was resistant to invertase and acid hydrolysis; total 
phosphorylation of the added G-U-C occurred within 15 minutes, and 
4C-UDPG was produced within a fey minutes. Formation of the unknown 
compound was accompanied by a corresponding decrease in **C-UDPG. 


TAaBLe VI 


Enzyme activities recovered in extracts of wheat scutella 


Incubations were carried out at pH 7°0-7°5 at room temperature. 
Rate 





(uM./min./g. 
Enzyme (Reaction mixture (M./ml.) Measurement fresh tissue) 
Glucokinase ° ° - (As for Table V) Decrease in glucose 0°045 
Phosphohexoi: ase - 96 F6P ~ F6P 3°50 
Phosphoglucomutase . + ro GiP, 1-2 MgCl, 30 cysteine ~ labile phosphate o"50 
UDPG-pyrophosphorylase . 12 GrP, 12 UTP, 8 MgCl, Increase in UDPG >0's4 
Inorganic pyrophosphatase . 10 PP - P; 0°28 
UDPG-F6P transglucosylase 2-3 UDPG, 1o F6P, 6:6 MgCl, 1” sucrose o'35 
ATP-UDP phosphotransferase 1:4 ATP, 1-4 UDP, 7 MgCl, * UTP 7°80 
Invertase . ° ° " (As for Table IV 0°03 
Adenosine triphosphatase ” ” 2°50 
Glucose-6-phosphatase - - o'39 


Because of these failures to synthesize sucrose, estimates were made of the 
relative enzyme activities in scutellum extracts, to see if one of them had a 
severely limiting rate. Results are shown in Table VI, the last column giving 
maximal rates observed. These values, although expressed per g. fresh tissue 
for basis of comparison, are not intended as estimates of the levels of enzyme 
activities in the living tissue but are merely calculations based on results 
obtained from various extracts. It is apparent from this table that although 
the invertase activity was weak, one other component of the multi-enzyme 
system was correspondingly weakly active, viz. glucokinase. Although from 
this study it is extremely difficult to predict pool sizes of the various products 
it may well be that significant levels of sucrose would not develop in the in 
vitro system owing to inversion. 

To overcome this restriction, carrier sucrose (1 ~M.) was added to trap 
\4C in a system set up as before with tracer amounts of G-U-C as substrate. 
Chromatograms and autoradiographs of the mixture after 36 and 56 minutes 
showed that radioactivity was incorporated into sucrose; in agreement with 
theory, invertase hydrolysis showed that both moieties were labelled. 

The occurrence of UDPG in wheat and barley seedlings. Ethanol extracts of 
shoots and roots from 20 to 50 wheat seedlings, and also from isolated scutella, 
were reduced to dryness in a vacuum desiccator. The residues were dissolved 
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in 5 ml. water and filtered. To the filtrate was added 0-25 g. of activated char- 
coal and the mixture was allowed to stand for 30 minutes. The charcoal was 
collected by filtration, washed with 5 ml. water, and suspended in 15 ml. 
50° per cent. v./v. aqueous ethanol. After removal of the charcoal the ethanol 
extract was concentrated by vacuum distillation. Paper chromatography 
demonstrated the presence of UDPG in all extracts, and it was especially 
noticeable that this nucleotide was the main one present in scutellum extracts. 
Similar extracts obtained from shoots, roots, and scutella of seedlings treated 
for 4 hours with o-5 mg. labelled glucose of specific activity 40 wc/mg. con- 
tained glucose-labelled UDPG as shown by UV prints and autoradiography 
before and after acid hydrolysis. 


DISCUSSION 


When barley seedlings were removed from their endosperms and allowed 
to absorb tracer amounts of G-U-'*C or F-U-'4C from an external medium 
the labelled products formed were sugar phosphates, sucrose, glucose and 
fructose, glutamic and aspartic acids and their amides, malic acid, and 
polysaccharides; the respired CO, also became labelled. These results are 
comparable to those of Putman and Hassid (1954), Vittorio, Krotkov, and 
Reed (1954), and Edelman, Ginsburg, and Hassid (1955). Seedlings divided 
into roots, shoots, and scutella gave similar results. 

Isolated roots absorbed sugar probably through the epidermis, the incor- 
poration of a large proportion of the radioactivity into the material insoluble 
in aqueous ethanol (‘Table II) being an indication of the capacity of this tissue 
to synthesize cellulose and hemicellulose, the constituent sugar residues of 
which became labelled. An unexpected observation was that although all the 
available sugar supplied externally was absorbed the protein amino-acids did 
not become labelled during the period examined (4 hours): this despite 
formation of labelled glutamic acid and glutamine which are important inter- 
mediates in protein synthesis. Sucrose contained only a minor fraction of the 
activity. 

The very low levels of labelling in the shoot when intact seedlings were 
incubated with labelled sugar may have been due to preferential translocation 
to the root under the conditions of the experiments. Excised shoots were also 
unable to absorb sugar supplied externally, and it appears that penetration 
through the epidermis and the cut end was extremely slow. In contrast, shoots 
of seedlings attached to their endosperms accumulated large amounts of #C 
when the grains were injected with radioactive glucose or fructose (Table ITI), 
similar results being given with both sugars. 

The scutellum is known to have an elaborate form of absorbing tissue 
located on the dorsal surface which abuts the endosperm. Isolated scutella 
absorbed sugar readily and the labelled products accumulated largely in the 
fraction soluble in ethanol (‘Table II); virtually no polysaccharide was formed. 
Most of the labelled product was sucrose, and this agrees with the observation 
that newly isolated scutella contained much more sucrose per unit dry weight 
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than roots or shoots, although their levels of glucose and fructose were much 
lower (Table I). In whole seedlings detached from their endosperms and 
incubated with labelled glucose or fructose only small amounts of #C remained 
in the scutellum (Table II), and it seems probable in view of the translocatory 
function of this organ that labelled material was transported to the root. 

In the absence of oxygen, sucrose synthesis in the scutellum as measured by 
incorporation of 1C still occurred to a considerable degree although labelling 
in most other compounds was drastically reduced (Table II); it appears there- 
fore that even when the scutellum is subjected to some degree of anaerobiosis, 
as it may well be when embedded in the germinating grain, this organ is still 
able to absorb carbohydrate from the endosperm and convert it to sucrose. 

As the only amino-acids detected in appreciable quantity in the scutellum 
were glutamic and aspartic acids and their amides it would appear that one or 
more of these are the means of transporting organic nitrogen. 

Experiments with extracts of scutella show that this organ contains all the 
enzymes necessary for the formation of sucrose by the pathway: 


2 glucose+-2 ATP — 2 G6P+2 ADP (1) 
G6P — F6P 
G6P — GiP 
G1P+ UTP — UDPG-+ PP (Compare Turner and Turner, 
1958, and Ginsburg, 1958) 
PP > 2P, 
UDPG-+F6P — UDP-+sucrose+P, (2) 
UDP+ATP — UTP+ADP (Keys, 1958) 


Sum: 2 glucose+3 ATP — sucrose-+3 ADP+-3 P; 





Extracts were able to catalyse an alternative to reaction (1) in which fructose 
was converted to F6P (compare Medina and Sols, 1956). Although sucrose 
phosphate has been shown by Leloir and Cardini (1955) to be an intermediate 
in reaction (2) no evidence could be obtained for its formation with scutellum 
preparations. The occurrence of this pathway is supported by the isolation of 
UDPG from scutella; of the many nucleotides present it occurred in the 
highest proportion, and the glucose residue of this nucleotide became radio- 
active on incubation of the tissue with labelled glucose. It may be relevant to 
the synthetic ability of the scutellum that the hydrolytic enzymes invertase, 
glucose-6-phosphatase, and adenosine triphosphatase occur in relatively low 
amount (‘Table IV). 

Net synthesis of sucrose has so far not been achieved by adding glucose, 
ATP, and UTP to extracts of acetone powders known to contain all the neces- 
sary enzymes although the predicted intermediates G6P, F6P, G1P, and 
UDPG were formed. Prolonged incubation produced an unknown compound 
behaving like sucrose in some respects but obviously different from it in its 
resistance to invertase and weak acid hydrolysis. In similar experiments, 
however, in which carrier sucrose was added to digests containing radioactive 
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glucose, #*C was incorporated into both moieties of the sucrose according to 
theory. 

The failure of the system to accumulate sucrose in the absence of carrier 
may be attributed to the different reaction rates catalysed by the various 
enzymes in isolated extracts (Table VI). Although the invertase activity of the 
digests was low, there was sufficient to hydrolyse the sucrose as its formation 
was limited by correspondingly weak glucokinase activity. On the other hand, 
hexose produced by hydrolysis of sucrose would be subject to re-phosphoryla- 
tion. From the results it appeared that the digests maintained a steady state 
system in which most of the hexose residues were in the form of their phos- 
phates and UDPG: pool sizes would be difficult to predict as they would be 
determined not only by rates but also by reaction equilibria and by changing 
concentrations of reactants. 

James (1940) has suggested that most of the carbon supplied to the embryo 
is in the form of sucrose which is ultimately derived from the starch of the 
endosperm. The endosperm of germinating grains, however, contains little 
sucrose and much glucose and maltose—especially the former—whereas the 
major soluble component of the scutellum is sucrose, the level of free reducing 
sugar being very low. As the scutellum is demenstrably able to synthesize 
sucrose rapidly and a multi-enzyme system able to convert hexose to sucrose 
has been isolated from it, it is now suggested that one of the roles of this 
organ is to absorb glucose from the endosperm, convert it to sucrose, and 
transport this to the developing seedling. 
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The Differential Transpiration Porometer 
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SUMMARY 


The construction and testing of a new differential transpiration porometer for 
stomatal measurements are described. The principle involved is explained, and 
the mathematical theory is dealt with in an appendix. 

As a result of experiments comparing the new instrument’s readings with those 
obtained with a Wheatstone bridge porometer, a relation between diffusive con- 
ductance and viscous flow conductance is found; in the case of wheat stomata 
this approaches a cubic relation and in the case of Talinum triangulare a quadratic 
one. 


INTRODUCTION 


S1NncE Darwin’s first porometer, techniques and apparatus for measuring 
changes in stomatal conductances have steadily developed and considerable 
improvements have been made. Nevertheless, the basic principle of the more 
reliable and accessible instruments remains the measurement of the con- 
ductance or resistance for flow of air through stomatal pores under positive 
or negative pressure. Other porometers whose basic principle is the measure- 
ment of diffusive flow (Gregory and Armstrong, 1936; Spanner, 1953) 
through the stomata have not as yet been used enough to yield information 
which would help in the interpretation of mass flow porometer data. 

Maskell (1928) and Penman (1942) have applied the relevant theoretical 
considerations to the results obtained with mass-flow porometers, but experi- 
mental confirmation or otherwise of their conclusions has so far not been 
reported in the literature. The development of a differential transpiration 
porometer, which is reported below, has made possible experiments which 
test the relation between mass flow and diffusive flow of water vapour through 
stomatal pores. Although in such experiments the thermal effects of transpira- 
tion are measured and not diffusive stomatal conductance itself, it seems 
permissible to assume that the rate of stomatal transpiration from leaves 
with an abundant water-supply is an indirect measure of stomatal conduc- 
tance by diffusion (Bange, 1953). 


APPARATUS 
Principle of measurement. Measurements are made of the difference in 
leaf temperature brought about by unequal rates of transpiration in two 
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neighbouring areas of a leaf. Two air streams alike in temperature, cross- 
section, and velocity are directed on to adjacent epidermal areas possessing 
stomata. The air streams differ, however, in their relative humidities, i.e. in 
their drying powers, and therefore transpiration from the two areas will 
proceed at different rates. 

Exactly opposite to each impinging air jet, on the other side of the leaf, 
is appressed a set of delicate thermo-junctions, the arrangement being such 
as to record the temperature difference between the two areas. If the stomata 
are closed and transpiration does not occur (i.e. assuming no non-stomatal 
water loss) the leaf temperatures in the two areas will remain equal, and no 
e.m.f. will be generated in the thermo-pile. As the stomata open and trans- 
piration rises, the asymmetry of the arrangement will cause increasing differ- 
ences in leaf temperatures. On the assumption that the changing stomatal 
conductances are the main regulators of rates of outward diffusion of water 
vapour from a leaf with abundant water-supply, it seems permissible to base 
conclusions about stomatal conductances on the magnitude of the e.m.f. 
generated in the thermo-pile and the following highly simplified theory 
would seem to be generally adequate (see, however, Appendix). 

The galvanometer reading will be a measure of the difference (O’—Q”) 
in mass transpiration rates in the two areas. The vapour pressure deficits 
(A’v, A’v) in the two air streams being maintained constant, if the corre- 
sponding stomatal diffusive conductances (D) are equal in the two areas we 


shall have QO! « D.A’y 
0” «x D.A"y 
and therefore D x (Q’—Q")\(A’v—A'v) 
= k.bT 


where k is a constant and 57 is the temperature difference between the two 
areas, assumed proportional to (O’—Q”). In use the air streams are com- 
mutated when taking readings, both to maintain the stomata in as nearly as 
possible the same conditions in the two areas and to cancel out any small 
unwanted asymmetries that may be present. 

Construction of apparatus. The general layout of the apparatus is shown 
in Fig. 1. Air from a cylinder of compressed air is humidified at a, and divided 
into three paths at B. Stream 1 is led through a KOH-bubbler (c) in order 
to provide a CO,-free air supply if required. Streams 1 and 11! are led 
separately via two needle valves (D’ and D”) and two capillary flow meters 
(e’ and ke”) to the specific humidifiers (F’ and F”) which are kept in a water 
bath at a constant temperature. F’ was filled with saturated KCl solution 
and F” with saturated NaCl solution in the present series of experiments; 
over a temperature range from 20° C. to 35° C. these solutions provide air 
streams of very nearly 75 and 85 per cent. relative humidity respectively. 
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All humidifiers are fitted with Doulton porcelain diffusers to break up the 


air streams. 

The air is then led through spray traps c’ and G” into the commutating 
valve H. Two capillary loading resistances K’ and kK” permit the shunting of 
the shallowly curved paraffin manometer (I) across the two air lines; these 
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Fic. 1. General layout of apparatus. 


a—Humidifier G—Spraytraps 
c—KOH-bubbler H—Commutating valve 
p—Needle valves 1—Sensitive manometer 
E—Flowmeters K—Loading resistances 
F—Specific humidifiers t—Leaf attachment 


were carefully matched by grinding the ends and checking with Barr’s (1934) 
soap-bubble flow-meter. This sensitive manometer thus provides a visual 
indication of the equality of the two air streams. Finally the air passes into 
the leaf attachment L, described below. The commutating valve is shown in 
longitudinal section in Fig. 2. It is operated by sliding a cylindrical perspex 
rod, bearing a series of “Gaco’ O-rings, in a perspex tube on which the inlets 
and outlets are arranged as shown. It was verified that the rates of flow of 
air through the valve in its different settings remained constant. 

In Fig. 3 the leaf attachment with the four junction thermo-pile is shown 
in plan and in section. The upper perspex piece of the clamp (A) has holes of 
6 mm. diameter 2 mm. apart and with rims of 0-75 mm. width. The thermo- 
pile B is made of 0-002 inch diameter 80:20 nickel: chromium alloy wires and 
constantan wires of 00016 inch diameter. These wires have a low thermal 
conductivity, and the high thermoelectric power of 65 uV per °C. The 
resistance of the thermo-pile assembly was 20 ohms and the circuit had a con- 
siderable sensitivity, registering 1 cm. deflection on a Tinsley mirror galvano- 
meter for about ,4;° C. difference between the temperatures of the junctions, 
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Fic. 2. The commutating valve in section, showing two positions of the slide. In the 
central position, the air streams would be mixed. 
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The thermo-pile wires are of a springy nature, so that, given a slight initial 
set towards the leaf, the junctions remain closely in contact with it during use. 

The spring of the clamp (Cc) connects the upper perspex piece to the lower 
one, in which there are situated the two defining cylinders r’ and &” of the 
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Fic. 3. The Leaf attachment in plan and section. 
a—Perspex body of upper portion of attachment 
B—Four junction thermo-pile 
c—Connecting spring between upper and lower portion 
p—Perspex body of the lower portion 
E—Defining cylinders 
F—Air jets 


same dimensions as the holes in the upper perspex piece. The two air jets 
F’ and F” emerge from copper tubes of 34; inch internal diameter and impinge 
on the leaf surface at right angles. The air-stream inlets are made with ;4; inch 
internal diameter copper tubing, which is soldered together for temperature 
equalization. 

Mode of use of apparatus. 'The leaf is first loosely fitted into the apparatus 
so that it lies on the 075 mm. wide rims of the two defining cylinders and is 
gently pressed down by the thin springy wires of the thermo-pile and the 
perspex frame carrying them. 

Readings of the difference in the cooling effects of the two air jets are 
obtained by commutating the air streams. This procedure has four advantages. 
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Firstly, the galvanometer deflections are doubled by commutation; secondly, 
readings can be taken more or less continuously without the need for zeroing 
the galvanometer; thirdly, a symmetry is introduced into the treatment given 
to the two leaf areas; and finally, the effects of certain unwanted e.m.f.’s are 
eliminated. Against these must be set a longer time in making observations, 

After commutating it was found necessary to wait for two minutes for the 
reading to reach 85 per cent. of its final study value. If more than 2 minutes 
had elapsed since the previous commutation, the first deflection was found 
to be greater than subsequent ones. In practice, therefore, at least three 
commutations at 2-minute intervals were made in order to provide duplicate 
readings. This inevitable delay of a minimum of 6 minutes between observa- 
tions is one of the disadvantages of the new instrument. 

The galvanometer deflection on commutating the air streams follows a 
characteristic course. There is first a quick movement in a direction opposite 
to that of the final steady deflection. This does not last long, however, and it 
gives place to a more or less steady deflection which builds up over the 
course of several minutes to its final value. The reason for the initial reversed 
movement is not at once apparent, but it may perhaps be connected with 
the Dufour effect (Spanner, 1953). 


PRELIMINARY TESTS 


(a) Systematic errors. The steady galvanometer reading did not remain 
unaltered when the air streams were commutated even if a microscope cover 
glass was inserted in the attachment clamp in place of a leaf. The final move- 
ment of the galvanometer spot in such circumstances did not exceed 0-3 cm., 
and it was thought to be due to a slight change in the pattern of convection 
currents in the plant chamber in which it is almost impossible to ensure more 
than a relatively rough equality of temperature. 

With leaves in the attachment clamp the deflections of the galvanometer 
on commutating were always greater than 0-3 cm., even after several hours of 
darkness. The magnitude of these deflections after dark treatment varied 
between 0-4 and o-g cm., differing with individual leaves. If leaves were 
covered with thin films of vaseline, deflections on commutating were reduced 
to o-3 cm. From these observations it was concluded that water vapour diffuses 
from leaves even if stomatal conductances are so small that ordinary resistance 
porometers do not show any indication of opening. 

(b) The optimum flow of air from the jets. Apart from the need for equality 
of the air flow from the jets, it was clearly desirable to employ the minimum 
flow required to give reproducible results under constant conditions. To 
ascertain this a blotting-paper wick was placed in the clip. Both ends of the 
blotting-paper dipped into water and the upper surface was covered with a 
thin film of cellophane in order to prevent the thermo-pile wires »ecoming 
moist. Using increasing rates of air flow and keeping the two air streams equal 
at all times, readings were taken on commutating. The results are shown 
graphically in Fig. 4. 
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The scatter of the results at low rates of flow shows that at these rates the 
mean effective vapour pressure deficit at the surface of the blotting-paper 
was not steady, perhaps due to incomplete sweeping out of the defining 
cylinders and to variable eddies of drier air from the jets and of air moistened 
by evaporation from the artificial leaf. Between rates of 45 ml. and 55 ml. 
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Fic. 4. Diagrammatic representation of the scatter of the galvanometer readings with 
increasing volumes of air emerging from the jets. 
The points represent the extremes of ten readings at each jet speed. 


per minute the instrumental reading became more or less constant and 
independent of the rate of flow of air from the jets. At about 65 ml. per 
minute the reading appeared to become more erratic, possibly due to some 
sort of turbulence. Consequently, a flow rate of 55 ml. per minute was chosen 
as the standard. It is interesting to observe that this corresponded to a linear 
velocity of the air streams of about 3 miles per hour. Of course, owing to the 
close proximity of the jets to the leaf surface the local evaporating power 
would be much greater than that of a 3 miles per hour wind under conditions 
of nature; but the rate would not, even so, appear excessive. 

(c) The influence of ambient temperature changes on the galvanometer 
deflections. A shift of the zero position on the galvanometer occurred during 
experiments involving changes in temperature of the experimental leaf. 
These changes in the zero position were investigated with and without leaves 
in the attachment clamp and were found to be regularly in one direction when 
the temperature was increased and in the opposite direction when it was 
decreased. There were three methods by which they could be reduced: 

1. By enclosing the thermo-pile and leaf in a glass tube (in the case of 
experiments with onion leaves the positioning of the couples within 
the leaf cavity had a similar effect). 
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2. By changing the location of the leaf and thermo-pile within the thermo- 
stat chamber to a region apparently of more even temperature. 

3. By making the temperature distribution of the chamber more uniform 
by installing a fan revolving at the slow rate of 100 r.p.m. 


It seems reasonable to consider as the cause of the zero shift the existence 
of temperature gradients inside the experimental chamber. This circumstance, 
however, did not interfere appreciably with the operation of the instrument, 
because the magnitude of the deflection on commutating was not affected by 
the shift of the zero position of the galvanometer, as can be seen from Table I, 


TABLE I 


The effect of changes in temperature of the air surrounding the thermo-pile on 
the deflections of the galuanometer when commutating the air streams 


Conditions: Wires shaded, touching a moist wick. Air jets blowing. Fan in constant 
temperature chamber revolving at 100 r.p.m. 
Distance travelled 
Temperature Deflection by spot on scale of 
“Cc. cm, galvanometer 
26°6 


6°5 3°5 right to 3:0 left 
26°8 68 3°0 left to 3°8 right 
27°0 6°7 3°8 right to 2:9 left 
27°2 70 2°9 left to 4:1 right 
27°4 6°6 4°1 right to 2:5 left 
27°9 6°8 2°5 left to 4:3 right 
27°8 6-7 4°3 right to 2-4 left 
27°8 6:8 2°4 left to 4-4 right 
27°9 6°6 4°4 right to 2-2 left 


COMPARISON OF THE NEW INSTRUMENT WITH THE WHEATSTONE 
BRIDGE POROMETER 


Results obtained with the differential transpiration porometer can be 
interpreted to a first approximation as measures of stomatal conductance for 
diffusive flow, as distinct from viscous flow. It is clearly of very great interest 
therefore to compare its readings with those of one of the more convenient 
viscous flow porometers, such as the Wheatstone bridge porometer (Heath 
and Russell, 1951) to enable the relation between viscous flow and diffusive 
flow through stomata to be experimentally established. This comparison 
should yield the information required in order to convert viscous flow 
porometer data into values for diffusive flow, and go enable them to be related 
directly to observations on photosynthetic rate or transpirational loss. 

In order to carry out this comparison the leaf mount of the new instrument 
was combined with the detachable type of porometer cup as used with the 
Wheatstone bridge porometer (cf. Spanner and Heath, 1951, Fig. 2, page 326). 

Measurements of stomatal conductance for viscous flow could be made with 
this arrangement on the same leaf area and under more or less the same 
conditions as measurements of diffusive conductance. The two measurements 
could not be taken simultaneously, however, because the Wheatstone bridge 






































198 Meidner and Spanner—The Differential Transpiration Porometer 


porometer demands a temporary airtight joint to the leaf while the differential 
transpiration porometer requires the defining cylinders to be freely open to 
the air. 

The procedure adopted was, therefore, as follows: a leaf was fitted into the 
attachment clamp so that readings could be taken with the differential 
transpiration porometer until a steady value had been reached. The cup and 
jets were then closed and a Wheatstone bridge porometer reading was taken 
within 30 seconds of the last reading of the differential transpiration porometer. 
The cup was again detached and the jets restarted so that readings for 
diffusive conductance could be resumed. By changing the light intensities 
new steady state values for stomatal conductances could be established. The 
results were plotted on logarithmic axes as shown in Figs. 5 and 6 in order to 
find whether the data could be related by an equation of the form 5 = R”, 
where 8 is the galvanometer deflection and-R the stomatal resistance to 
viscous flow. Linear regression coefficients of log 5 on log R were calculated 
and the regression lines drawn. It was apparent that the values found were 
scattered in a random manner on either side of the straight regression lines 
and did not lie on any consistent curve. 


Experimental series 7.3.1957-18.7.1957 

Two species of plant were chosen with stomata of markedly different shape. 

(a) Leaves with stomatal pores of near rectangular outline. 13 wheat leaves 
were used for purposes of comparison of the two instruments, and some of the 
results are shown plotted in Fig. 5. 

The slope of the lines obtained varied between 0-32 and 0-39 with an 
average value of 0-37. There was no evidence of a curvature of the lines 
over the range of stomatal openings covered during the experiments. 

(b) Leaves with stomatal pores of near circular outline. 10 leaves of Talinum 
triangulare were used. 

The slope of the curves obtained varied between 0-43 and 0-52, as shown 
in Fig. 6, with an average value 0-47. 

Over the range of stomatal openings covered during the experiments no 
curvature of the lines could be detected. 


DISCUSSION 


In order that the comparison of the two porometers should be valid for the 
purpose stated above (p. 190), the non-stomatal resistances affecting their 
readings must be negligibly small. For the differential transpiration porometer 
this may be assumed to be the case if the leaf is turgid; for the Wheatstone 
bridge porometer, Heath and Russell (1954) consider that (for wheat) inter- 
cellular space resistance normal to the leaf is likely to be negligible and that 
lateral flow will be unimportant if «, the ratio of stomatal numbers on the 
upper to the lower surface, is large. Of the two species used in the present 
work, wheat has a ratio a actually greater than unity; Talnum triangulare 
was found to have a ratio of about 0-5 and these leaves were therefore used 
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upside down, giving an effective « of 2-0. Viscous flow resistance of the inter- 
cellular spaces in the path normal to the leaf would thus have constituted an 
added constant and would have imposed a curvature on the log/log relation 
if important. 

Reference has been made earlier to a deflection of the galvanometer obtained 
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Fic. 5. Graphic representation of results obtained with the differential transpiration 
porometer and a Wheatstone bridge porometer comparing diffusive conductance with 
mass-flow conductance of wheat stomata. 


with leaves kept in the dark and registered when the Wheatstone bridge 
porometer does not give any reading. Whether this small deflection is a 
measure of diffusional loss of water vapour through a minute residual stomatal 
orifice or whether it represents what is usually called ‘cuticular transpiration’ 
cannot be decided. However, if these readings obtained with the differential 
transpiration porometer represent cuticular transpiration they would con- 
stitute a small aberration, functioning more or less as an added constant; as 
such, however, it was too small to cause a curvature of the lines in Figs. 5 and 6. 

So far no reference has been made to transpiration from the uppermost 
epidermis of the leaves. The leaf tissue above the relatively more humid air 
jet will be warmer than that above the drier air jet and the transpiration from 
the upper leaf surface above the former will be correspondingly higher. Thus, 
the cooling effects of the transpiration from the upper epidermis will tend to 
counteract those of the transpiration from the lower epidermis and thereby 
diminish the deflections of the galvanometer. This effect is parallel to a 
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similar one considered in the Appendix, and is likely to be small and relatively 
unimportant. In fact, experimental evidence that the uppermost leaf surface 
transpiration had a negligible effect on the results quoted above was obtained 
by closing the small space above the leaf, where the thermo-pile was situated, 
and thus preventing transpiration from the upper leaf surface. 
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Fic. 6, Graphic representation of results obtained with the differential transpiration 
porometer and a Wheatstone bridge porometer comparing diffusive conductance with 
mass-flow conductance of stomata of Talinum triangulare. 


It will be noted that the lines obtained with different leaves, both in Fig. 5 
and Fig. 6, are spread in the co-ordinate system. This spread can be reduced 
by relating all stomatal resistances to 10,000 stomata rather than to unit 
area, but even after this correction had been applied the lines remain slightly 
spread. This spread is apparently related partly to differences in leaf thickness, 
affecting the conduction of the cooling effects of transpiration from the 
interior of the leaf to the upper epidermis where the thermo-pile is situated. 

It was stated earlier that the points obtained during these experiments 
were scattered at random on either side of the calculated regression lines and 
that there was no visual evidence of a consistent curvature. This statement is 
valid for stomatal resistances between certain limits, namely between log R 
(calculated for 10,000 stomata) = 0-8 and log R = 2-5 for wheat leaves; 
and between log R = 1-o and log R = 1-5 for leaves of Talinum triangulare. 

At larger stomatal resistances it was difficult to obtain reliable information, 
because both the porometers used become less sensitive. Nevertheless, from 
the data collected it appeared that at the smaller stomatal openings, in the 
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case of Talinum the slope of the lines decreased. This would seem to agree 
with theoretical considerations, because as the stomata of these leaves close, 
the pore loses its circular shape and becomes more slit-like, resembling the 
wheat pore for which a slope less steep had already been found. 

The mean regression coefficient found with wheat leaves was 0-37, 
whereas that expected on a simple theory (Paetz, 1930; Heath, 1941) is 
0°33. This confirms that the assumption that the stomatal pore of wheat 
may be considered as a tube of narrow rectangular cross-section with a 
constant long axis is an over-simplification. Similarly, it is an over-simplifica- 
tion to suppose that the stomatal pores of Talinum triangulare are cylindrical 
tubes, for the mean regression coefficient that species was found to be 0-47, 
whereas the expected one (Maskell, 1928) is 0-50. 

Considering the shape of stomatal pores as seen under the microscope, the 
experimentally found values for the regression coefficients of the two sets of 
lines are not surprising. They deviate from the values given by simple theory 
in directions that correspond to the facts that the pore; in wheat, though 
comparable to a rectangular tube, has a long axis which is only about ten 
times the width at moderate openings; and similarly, that in Talinum, the 
stomatal pore, though roughly comparable to a cylindrical tube, has a 
somewhat pointed elliptical shape. 

The relation between diffusive conductance and viscous conductance for 
stomata of wheat and of Talinum triangulare respectively can be expressed 
in the two formulae: 


Wheat diffusive conductance = constant x *-7/viscous conductance 
Talinum triangulare diffusive conductance = constant x *3/viscous conductance 


These relations should enable relative changes in diffusive conductance of 
the stomata to be followed with reasonable accuracy with the Wheatstone 
bridge porometer or any other viscous flow porometer; such values could, as 
mentioned before, be related to measured transpiration or assimilation rates. 
The calculation of the absolute rates of gaseous interchange in the leaf would, 
however, require further data not provided by the present investigation. 
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APPENDIX 


_ On the theory of the instrument, and the effect of the ambient 
temperature 


Suppose the air supplied to the jets to be humidified at a temperature 7, to a 
relative humidity A, the saturation vapour pressure of water at this temperature 
being v). Suppose the moist air to be then raised (without change in water content) 
to a temperature 7, the corresponding saturation vapour pressure being v. In this 
condition the air impinges on the leaf. Owing to transpiration the temperature of the 
leaf will be less than T by an amount AT, and the corresponding saturation vapour 
pressure can be written (v—aAT), the value of « = dv/dT being readily calculable 
from standard tables of vapour tension. Substantially, the value (v—aAT') can be 
regarded as the vapour-pressure within the leaf close to the surface of the mesophyll 
cells and under the conditions of the experiment. 

The vapour pressure deficit setting up transpiration can now be written to a 


close approximation: Ay = (y—cAT)—loy (1) 


since the vapour-pressure of the humidified air undergoes no change when its 
temperature is raised at atmospheric pressure. 
We can now write the transpiration rate per unit area of the leaf as 


V = De,(v—aAT—Ar) (2) 
where V is in terms of the volume of water-vapour lost per second measured at 
unit pressure; D is the diffusive conductance of the leaf per unit area; and c, is a 


coefficient depending on the geometry of the apparatus and on the speed of air 
flow. In order to calculate heat changes it is of course necessary to express the 
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transpiration in mass terms. Multiplying by M/RT, where M is the molecular 
weight of water equation (2) becomes 


MV _ c 


M 
O= RT = D. aT (v—aAT—Ary) (3) 





The diffusion coefficient of a gas at constant pressure varies with a power (m) of 
the temperature between $ and 2. This can be allowed for by writing 


T\" 
D= Dji—) - 
(7) (a) 
Further, the transpirational depression AT in the temperature of the leaf will be 
directly proportional to Q, but will otherwise be independent of temperature, 
humidity, or stomatal aperture. 


Thus we can write AT=c¢,Q0 (5) 


where ¢, is a coefficient which will vary with such features of the leaf as thinness, 
detailed structure, and so on. Introducing (4) and (5) into (3) we get 


n 
oS ee 


T, (v—aAT—Ary). (6) 





What the instrument measures, of course, is the difference between the AT7’s for 
two areas for which Dg, c,, c, «, and J can be considered the same, but for which 
A is different. Calling the temperature difference registered by the thermopile 5T 
and using dashes to indicate the two areas we have 


sT = a'T—a'T = 20M ma(yr_y\yp—a A/T —A"T)] (7) 
RT? 
or 8T = kD, T®-'(v) 3A—a8T) (8) 


where k is a coefficient independent of temperature and of the stomatal conductance 
of the leaf, and 4A is the original difference in relative humidities of the two air- 
streams as they leave the conditioners. 

Equation (8) shows that D,, the stomatal conductance referred to a standard 
temperature, is not quite directly proportional to the instrument reading, i.e. to 
57. But the departure from strict proportionality is very small, since «37 is usually 
insignificant compared to v9 5A. 

Thus in the actual instrument used the galvanometer and thermopile had the 
following characteristics: 


Galvanometer resistance 4°5 ohms 

Galvanometer sensitivity 150 mm. per microamp. 
Thermopile resistance 20 ohms 

Thermopile power 130 microvolts per °C. 


Consequently a 1 cm. deflection corresponded to a value of about 


= x i oe 0°0126° C, 
150 130 
P 
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Further, at 7, = 25° C. 

Vo = 23°75 mm. of mercury 

a = 1°41 mm. per °C. 
while 5A was very nearly 10 per cent. = 0-10. 
Thus while v,5A was 23°75X0-10 = 2-375 mm., ad7 had merely the value 
I-41 X 0°0126 = o-c18 mm. for a 1 cm. deflexion, or 0-18 for a 10 cm. one. Thus 
the departure from linearity is very slight. 

Equation (8) can also be used for correcting the readings for variations in the 
temperature of the leaf. These variations will of course produce a changed indica- 
tion even in the absence of stomatal movement, and so reduction to a standard 
temperature is necessary. 

Suppose that the leaf was at a temperature 7, = 35° C. and that it is desired 
to reduce the reading to J, = 25° C. 

At 35° C., v = 42175 mm. of mercury 

« = 2°33 mm. per °C. 

Taking m = 1-8 for water-vapour in air, and supposing that the instrument 

reading to be corrected is 5 cm., we have 


87, = 5 X 00126 = 0-063° C, 


and this may be taken, to a first approximation, as relating to the actual transpiring 
surfaces within the leaf. 
Substituting in (8) we have 
kD, T?-? = 0°063 
(0°10 X 23°75 —2°33 X 0°063) 
= 0°0282. 





If equation (8) be solved for 5T we readily derive the form 
(3) (appa) (9) 
87, \T) \t+@D,).«T32 
Thus in the present case 
57 =)" (1-+2°33 X 00282) 
87, 308) {1-+1°41 X 0-0282 x (388)">} 


= 1°00. 








or the corrected reading (which is proportional to 57) is virtually identical with 
the uncorrected one. 


If the reading at 7, had been 1 cm. a similar calculation would have given 
8], _—sit 


57, 1-02 


or the corrected reading would have been 0-98 cm. If, on the other hand, the original 
indication has been 10 cm., the final result would have been 

aT, 

— = 1°03 

87; 


giving a reading corrected for temperature of 10-3 cm. 
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Thus it appears that the effect of a general temperature rise of the leaf is to lower 
the instrument readings at high stomatal apertures and to raise them at low ones. 
At some intermediate aperture there is no error, and the general level of the effect 
is in any case small; in fact, probably within instrumental errors. 











Studies in Stomatal Behaviour 


VIII. STOMATAL RESPONSES TO TEMPERATURE 
AND CARBON DIOXIDE CONCENTRATION IN 
ALLIUM CEPA L., AND THEIR RELEVANCE TO 

MID-DAY CLOSURE 


HANS MEIDNER' AND O.V.S. HEATH? 


Research Institute of Plant Physiology, Imperial College of Science and Technology, 
London, S.W. 7 


SUMMARY 


It has been reported in the literature that onion leaf stomata tend to close at 
noon (Loftfield, 1921) and that the minimum carbon dioxide concentration 
(T) in onion leaf tissue rises from 0-012 per cent. to 0-024 per cent. when the leaf 
temperature increases from 30° C. to 35° C. (light intensity goo f.c.) (Heath and 
Orchard, 1957). 

Experiments were therefore carried out to test the hypothesis that raising the 
leaf temperature above about 30° C. causes stomatal closing movements in onion 
leaves (e.g. mid-day closure) by increasing the carbon dioxide concentration in the 
leaf tissue. This hypothesis has been supported by the results of these experi- 
ments. Another ‘and diametrically opposed effect of temperature on stomatal 
movements in onion leaves has, however, been discovered, namely that, provided 
the carbon dioxide concentration in the leaf tissue is kept low, increases in 
temperature cause increases both in the rate of stomatal opening and in the final 
width of stomatal pores. 


INTRODUCTION 


STOMATAL movements in onion leaves have been investigated by Hagen 
(1918), Loftfield (1921), Steinberger (1922), and Heath (1952). Hagen and 
Steinberger were mainly concerned with the absence of starch from the 
guard cells, and Heath began his experiments in order to discover whether 
a real light response was shown in spite of this. Like Parkin (1899) he then 
thought that the guard cells were also free of chloroplasts, but the presence 
of very pale minute chloroplasts (1-2) has been demonstrated by various 
workers (Linsbauer, 1927; Drawert, 1952; Shaw, 1954; Heath, unpublished). 
Loftfield (1921) had shown that onion stomata opened by day and closed at 
night but Heath considered this might perhaps be a response to some changing 
factor otherthan light inthe natural environment, oreven anautonomous diurnal 
rhythm of stomatal movement (Maskell, 1928; Gregory and Pearse, 1937). 
His experiments established that onion stomata did in fact respond to changes 
of light intensity and that these responses could not be attributed to associated 
changes in leaf temperature or some other factors, nor to a diurnal rhythm. 
As a result of a chance observation during his experiments on light effects, 
' Present address: Botany Dept., University of Natal, Pietermaritzburg, S. Africa. 


2 Present addresses: Dept. of Horticulture, The University, Reading, and University of 
Reading Horticultural Research Laboratories, Shinfield Grange, Shinfield, Berks. 


Journ. of Experimental Botany, Vol. 10. No. 29, pp. 206-219, Jume 1959. 
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Heath (loc. cit.) discovered that onion stomata tended to close at temperatures 
above about 25°C. He suggested that this might be due to increase of 
internal carbon dioxide concentration, on the assumption that onion stomata 
responded to carbon dioxide in a manner similar to that found for other 
species (Heath, 1950; Heath and Milthorpe, 1950), and also that their 
tendency to close for a while at about mid-day, observed by Loftfield (1921), 
might be a high-temperature effect acting in this way. 

Heath and Orchard (1957) investigated the effects of leaf temperature on 
the minimum intercellular space carbon dioxide concentration (I) in onion, 
coffee and Pelargonium leaves under goo f.c. illumination. They found that 
in Pelargonium, which has not been recorded as showing mid-day closure, 
I increased by a nearly constant factor (1-3 x ) per 5° C. over the whole range 
explored from 10° to 35° C. and reached a value of only 0-012 per cent. at 
the last-mentioned temperature; for onion and coffee, both of which show 
mid-day closure (Loftfield, 1921; Nutman, 1937), T’ increased in a similar 
manner from 10° to 30°C. but then rose from 0-012 to 0-025 per cent. 
between 30° and 35° C. An indirect estimate of stomatal diffusive conduc- 
tance suggested that the onion stomata closed slightly between 25° and 30° C. 
and markedly between 30° and 35° C.; those of Pelargonium apparently 
opened somewhat over this temperature range. Heath and Orchard (loc. cit.) 
put forward the hypothesis that mid-day closure in onion could be explained 
in terms of the observed large increase in I between 30° and 35° C. 

Viscous flow porometers, such as the Wheatstone bridge porometer (Heath 
and Russell, 1951), are not very suitable for use with the onion leaf because 
the high intercellular space resistance is likely to represent too high a propor- 
tion of the total resistance to air flow, at least at the larger stomatal openings, 
resulting in low sensitivity. Further, the onion leaf is not convenient for 
making an air-tight seal with a porometer cup (Heath, 1952). The availability 
of a new, and for the onion leaf especially suitable diffusion porometer 
(Meidner and Spanner, 1959) gave impetus to a further investigation into 
the behaviour of onion stomata. In particular it was decided to seek evidence 
bearing on the above-mentioned hypothesis that mid-day closure is a high- 
temperatu. : effect operating via the intercellular space carbon dioxide con- 
centration. It should be noted that sensitivity of onion stomata to carbon 
dioxide concentration had not yet been directly demonstrated, nor was it 
known whether such sensitivity (if it existed) extended only down to about 
0-01 per cent. as in wheat leaves (Heath and Milthorpe, 1950; Heath and 
Russell, 1954). 

A preliminary note on these experiments has already been published 
(Heath and Meidner, 1957). 


APPARATUS 


The general principle of the differential transpiration porometer has been 
described elsewhere (Meidner and Spanner, 1959). Special fittings were 
made to suit the hollow cylindrical onion leaf as shown in Fig. 1. 
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The upper perspex portion of the leaf attachment carried the air ducts, 
G’ and G", which pointed diagonally downwards into the defining cylinders 
at C’ and C”. The air jets emerging from these ducts in this attachment did 


not, therefore, impinge on the leaf surface at right angles as in that used for 
wheat leaves (Meidner and Spanner, loc. cit.). The leaf was gently pressed 
against the lower perspex portion of the attachment by the PVC pads 7. 

The lower perspex portion of the clamp was cone-shaped with a flattened 
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Fic. 1. (a) The upper portion of the leaf attachment for 
onion leaves in perspective plan and section. (6) The lower 
portion in plan and section. 

A, Cone-shaped lower perspex piece; B, Thermopile; 
C’, C”, Defining cylinders; D, Plug for ventilating channel; 
F, Ventilating channel; G’, G’, Tubes leading to air jets; 
F, PVC pads to hold leaf in position; L, Flattened surface 

of cone to receive leaf. 
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surface at L and with two defining cylinders C’ and C”. The six-junction 
thermopile B (resistance 50 Q) was mounted on the perspex body, which also 
carried the ventilating channel F with plug D. The upper end of a cut length 
of onion leaf was pushed on to the cone till an airtight fitting was obtained 
somewhere beyond the flattened portion L. The leaf cavity could be swept 
by directing air into it through a PVC tube of 1 mm. internal diameter; this 
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Fic. 2. Stomatal conductances, measured in cm. galvanometer deflections, and leaf 
temperatures during experiments on onion leaves, the cavities of which were temporarily 
swept with ordinary air. (leaf 1., 10.8.56; leaf 2., 29.8.56.; light intensity 600 f.c.) 


was inserted into the leaf via its lower cut end which dipped into water. The 
air escaped through channel F when plug D was removed. Carbon dioxide- 
free air or ordinary air, both humidified at 20° C., were used for sweeping 
leaf cavities. The rate of flow of such airstreams was 10 ml. per minute. 
The experiments were carried out in the controlled-conditions cabinet 
used by Heath and Russell (1954 a, 5) and the air temperatures were adjusted 
to give the desired leaf temperatures as measured with a thermocouple. 


RESULTS 


During preliminary experiments evidence was obtained that high tempera- 
ture closure of onion stomata could be prevented by sweeping the leaf cavities 
with ordinary air (Fig. 2) and that closing movements of onion stomata 
brought about by high temperature could be reversed into opening movements 
by similarly sweeping the leaf cavity (Fig. 3).? 

On the basis of these preliminary findings systematic investigations were 


' Although in this experiment reopening at high temperature was ultimately obtained with 
ordinary air, this result could in most cases subsequently be obtained only with carbon 
dioxide-free air. 
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carried out with a view to elucidating the subject of mid-day closure of 
onion stomata. 


Temperature 
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Fic. 3. Stomatal conductances, expressed as cm. galvanometer deflections, and leaf 
temperatures of an onion leaf, the cavity of which was temporarily swept with 
‘ordinary air (11.8.56; light intensity 600 f.c.). 


The influence of temperature, light intensity, and sweeping the leaf cavity 
on stomatal conductance 


The first experiment (1.9.56—16.10.56) was a 2 x 2 X 2 factorial one designed 
to test the influence of leaf temperature, light intensity, and carbon dioxide 
concentration on stomatal behaviour in onion leaves. Each of the 8 combina- 
tion treatments was given to a cut length of a different leaf and was preceded 
by a standard treatment in which the stomata were allowed to come to a 
steady-state condition for at least 25 minutes; the series of 8 combination 
treatments was replicated three times in a randomized block design. Steady- 
state values maintained with reasonable constancy for 25 minutes were used 
as data. 

The standard treatment consisted of illumination at goo f.c. at a tempera- 
ture of 25° C. with the leaf cavity closed, i.e. plug D inserted (Fig. 1). The 
factors making up the eight combination treatments are indicated in Fig. 4 
and Table I. Carbon dioxide-free air was used in the jets of the differential 
transpiration porometer throughout. 

Stomatal changes brought about by the eight treatments following after 
the standard treatment are shown graphically in Fig. 4. 

The dotted lines represent stomatal movements during the standard 
treatment. It will be noted that where the combination treatment involved 
no change of conditions (goo f.c., 25° C., leaf not swept), there was in each 
case a partial closure 2 or 3 hours after the beginning of the experiment, 
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followed by a reopening to a higher steady-state value. This effect, which is at 
present quite unexplained, was also seen in another experiment. Sweeping 
the leaf cavity with carbon dioxide-free air (goo f.c., 25° C., leaf swept) 
prevented this partial closure. 
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Fic. 4. Stomatal conductances, expressed as cm. galvanometer deflections, of onion 

leaves subjected to various treatments during a factorial experiment. The dotted 

lines represent the changes in stomatal conductances measured during the common 
standard treatment for every leaf used. 


Treatment 1. 900 f.c., 25° C. Treatment 5. goo f.c., 25° C. 
Treatment 2. 900 f.c., 35° C. Treatment 6. goo f.c., 35° C. 
Treatment 3. 300 f.c., 25° C. Treatment 7. 300 f.c., 25° C. 
Treatment 4. 300 f.c., 35° C. Treatment 8. 300 f.c., 35° C. 


1st block -@-; 2nd block -O-; 3rd block -X- 


Statistical analysis showed the three-factor interaction (light x temperature 
X sweeping) to be highly significant (P < 0-01) and the individual treatment 
means are therefore presented in Table I. 
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TABLE I 


Treatment means in experiment of 1.9.56-16.10.56. Steady-state stomatal 
conductance expressed as cm. galvanometer deflection 


Leaf temperature as° C. 35° C. 
Leaf cavity Leaf cavity 
Closed Swept Closed Swept 
Light intensity f.c. (not swept) CO,-free (not swept) CO,-free 
goo 4°93 4°90 1°23 4°63 
300 2°53 2°77 1°80 3°50 
Significant difference for P o-o5 = 1°35 
o'o2 = 1°66 
oor = 1°96 
0001 = 2‘60 


At 25°C. at either light intensity, sweeping the leaf cavity with carbon 
dioxide-free air caused no significant changes in stomatal conductance, as 
compared with the unswept leaves with the cavity closed. Apparently, at 
this temperature the accumulation of carbon dioxide in the hollow leaf was 
insufficient to affect the stomata appreciably under the experimental condi- 
tions. It may be recalled that Heath and Orchard (1957) and Orchard (1956) 
using similar leaves, found [I at 25° C. and goo f.c. to be between 0-0070 
and 0-00go per cent.; at 25° C. and 300 f.c. it amounted to 0-0108 per cent. 

With the temperature raised from 25° to 35° C., however, at each light 
intensity, the stomata of leaves with the cavity closed showed a significant 
degree of closure compared with swept leaves (P < 0-001 at goo f.c. and 
P = 0°02 at 300 f.c.). At goo f.c. a very significant ‘high-temperature’ closure 
was shown by the unswept leaves at 35° C. as compared with 25° C. 
(P < 0-001). In the onion leaves with which Heath and Orchard (1957) 
worked, I’ amounted to 0-0247 per cent. at 35° C. and goo f.c.; it would have 
been higher at 35° C. and 300 f.c. The fact that significant high temperature 
closure was not observed in leaves with their cavities swept with carbon 
dioxide-free air is consistent with the hypothesis put forward by Heath and 
Orchard (1957). 

A more detailed examination of the results shown in Fig. 4 revealed that 
when the standard treatment was followed by the treatment goo f.c., 35° C., 
and leaves unswept, the stomata first opened slightly before reacting to the 
rise in temperature by closure (Fig. 4, between 14:00 and 15-00 hours). This 
observation suggested that onion stomata might respond to increases in 
temperature by opening, provided the carbon dioxide concentration could 
be kept low. This would be in accord with the generally held view that high 
temperature favours wider stomatal opening (Darwin, 1898; Wilson, 1948). 


The effect of high temperature on the stomata with carbon dioxide concentration 
in the leaf kept low 


This experiment (10.4.57-19.4.57) involved four cut lengths of leaves, 
swept with carbon dioxide-free air, and each treated at two leaf temperatures 
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(25° and 34° C.) applied in random order on the first day and in the reverse 
order on the second day. Between the two temperature treatments on each 
day there was a 2-hour dark period without sweeping, during which the 
stomata closed completely. Steady-state stomatal conductances were main- 
tained for 20 minutes. The light intensity employed was goo f.c. 

Analysis of the data showed a large and highly significant average effect 
of ‘ieaves’, demonstrating the existence of a considerable gain in accuracy 
due to making the leaf-temperature comparisons ‘within leaves’ instead of 
‘between leaves’ as in the previous experiment. The temperature effect was 
significant at P = o-o1, the mean steady-state deflections being 4-86 cm. at 
25° C., 6:26 cm. at 34° C. 

An opening effect of high temperature with the leaf cavity swept with 
carbon dioxide-free air was thus established. 

The experiments carried out so far were subject to the criticism that they 
did not demonstrate beyond a reasonable doubt that onion stomata responded 
to changes in the carbon dioxide concentration in the leaf tissue, for only 
the effects of sweeping the leaf cavity with carbon dioxide-free air and of not 
sweeping at all had been compared. Some effect of sweeping other than 
change of carbon dioxide concentration might therefore have been con- 
cerned. The following experiment (13.5.57-18.5.57) was designed to meet 
this criticism. 


Comparison of the effects of treating leaves with ordinary air and with 
carbon dioxide-free air 


Cut lengths of onion leaves were illuminated at 300 f.c. at a leaf tempera- 
ture of 33° C. The two treatments consisted of sweeping the leaf cavity either 
with air from a cylinder, containing 0-03 per cent. carbon dioxide, or with 
carbon dioxide-free air. The air in the two jets of the differential transpiration 
porometer was of the same composition as that used for sweeping the leaf 
cavities. The experiment was replicated on three leaves, each of which 
received both treatments 4 times during 2 days. The effect of time of day 
approached but failed to reach the P 0-05 level of significance, with the 
stomata slightly more closed, on the average, during the afternoon than in 
the morning. The carbon dioxide effect was large and highly significant 
(P < 0-001). The mean steady-state deflections were 4°55 cm. with 0-03 per 
cent. (CO,), 6-05 cm. with CO,-free air, leaving virtually no doubt that 
onion stomata do in fact respond to changes in the carbon dioxide concentra- 
tion of the air in the intercellular spaces. 

Although the carbon dioxide-free air resulted in a higher stomatal con- 
ductance, it is clear from the results that both treatments prevented very 
marked high-temperature closure. The fact that sweeping the leaves even 
with air of 0-03 per cent. carbon dioxide content prevented the occurrence of 
such closure, at 33° C. and 300 f.c., suggests that very marked high-tempera- 
ture closure only occurs when the concentration on the sub-stomatal cavities 
exceeds 0-03 per cent. This interpretation was later supported by separate 
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experiments during which the minimum intercellular space carbon dioxide 
concentration (I°) of leaves of the same plant at 300 f.c. and a temperature 
of 33° C. was determined and found to exceed 0-04 per cent. 


The interaction of carbon dioxide concentration and temperature in relation 
to stomatal behaviour 


(20.5.57-28.5.57). Cut lengths of onion leaves were used with their 
cavities swept continuously with moist air under a light intensity of 300 f.c. 
throughout. Steady-state values for stomatal conductances were maintained 
for 20 minutes. Four treatments were applied to each leaf, viz: carbon- 
dioxide-free air or air of 0-03 per cent. carbon dioxide content were used for 
sweeping the leaf cavities and for the jets of the porometer, at leaf temperatures 
of 25° and 33° C. The experiment was replicated on four leaves, each of 
which was maintained at one leaf temperature, chosen at random, for the first 
day and at the other for the second day. On each day the two carbon dioxide 
treatments were given in a random order in the morning and again in the 
afternoon. The experiment thus resembled a ‘split-plot’ design with leaves 
as ‘blocks’, temperatures as ‘main treatments’, a.m. and p.m. as ‘sub-treat- 
ments’, and carbon dioxide concentrations as ‘sub-sub-treatments’. The 
average effect of ‘time’ (a.m.—p.m.) aad its interactions were negligibly small 
and non-significant, giving no indication of a diurnal rhythm. The average 
carbon dioxide effect and the interaction between carbon dioxide and tem- 
perature were very highly significant (P < 0-001) and the treatment means 
showing the latter are presented in Table II. 


TABLE II 


Treatment means in experiment of 20.5.57-28.5.57. Steady-state stomatal 
conductances expressed as cm. galvanometer deflection. Light intensity300 f.c. 


Leaves swept with 
Temperature Leaves swept with air of 0:03% CO, 


CO,-free air content 
25 6-4 4°9 
33 79 5°0 


Significant differences for P 0-001 :— 
CO, treatments at one temp. = 0°5; temp. treatments at one (CO) = 1°1, 


The carbon dioxide-free air treatment caused wider opening than the 
0-03 per cent. carbon dioxide treatment at 25° C. and this difference was 
even greater at 33° C. With carbon dioxide-free air treatment the stomata 
opened further at 33° C. than at 25° C. These effects were all significant at 
P < 0-001. There was, however, no evidence of a difference in aperture at 
the two temperatures if air of 0-03 per cent. carbon dioxide content was used. 
These results would seem to suggest that at 300 f.c. and with 0-03 per cent. 
carbon dioxide treatment the opening effect of the higher temperature was 
just balanced by its closing effect operating via an increase in the carbon 
dioxide concentration in the sub-stomatal cavities. Respiratory carbon dioxide 
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from the chloroplast-free epidermal cells must also have contributed to this 
closing effect. 






The rate of stomatal opening at different temperatures 































(24.6.57-9.7.57). General observations in the experiment of 10.4.57- 
19.4.57 suggested that rates of stomatal opening were greater at high than 


r ; at low temperatures. It was desirable, therefore, to carry out an experiment 
: specially designed to obtain data suitable for the calculation of temperature 
1 coefficients for rates of stomatal opening. The technique entailed the measure- 


5 j ment of the steady-state stomatal conductance at each of two leaf tempera- 
tures in the dark, first without the leaf cavity being swept and secondly after 
the leaf cavity had been swept for 30 minutes with carbon dioxide-free air. 
The leaves were then illuminated at 300 f.c. and the measurements of stomatal 
conductance were continued until a steady-state value was again established. 
Four cut lengths of leaf were used as replicates, each subjected to two 
(3 temperatures (25°, 35° C.; 25°, 35° C.; 27°, 36°C.; and 27°, 38°C. respec- 
tively) given in a random order on one day and in the reverse order the next. 
With this procedure it was found that closed stomata could not be made 
to show any detectable opening movement in darkness by sweeping the leaf 
4 cavity with carbon dioxide-free air. 
: Owing to the difficulty of reading the differential transpiration porometer 
| at very short intervals and at exact values of stomatal conductance it was not 
5 : possible to take times to, for example, 50 per cent. of maximum opening at 
each temperature. Times for the stomatal conductances to reach their maxi- 
mum steady-state values at the two temperatures were therefore used in the 
calculation of rates of opening and hence of temperature coefficients (Q,9). 
Analysis of the Q,, values showed that the effect of ‘leaves’, which included 
the differences in temperature range noted above, was non-significant. The 
mean temperature coefficient was found to be 2-2 with fiducial limits of 
2:0-2°4 for P = 0°05. 
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DISCUSSION 


atl 


The experiments with onion leaves reported above aimed at elucidating 
the interrelations of temperature and carbon dioxide concentration in 
controlling stomatal movement, with special reference to the phenomenon 
of mid-day closure. As far as carbon dioxide is concerned, the sensitivity 
of onion stomata has now been demonstrated. The concentration in the sub- 
stomatal cavity is probably the effective value (cf. Heath, 1950, for Pelar- 
gonium), and this was not controlled to known levels, though it was generally 
possible to specify that it lay between certain limits. 

With regard to temperature, two opposing effects of high temperature 
(above 30° C.) were found: a closing effect which was shown to be due to 
accumulation of carbon dioxide in the leaf tissue, and an opening effect when 
such accumulation was prevented. The possibility was considered that this 
second effect might be a ‘passive’ opening due to increased water loss at 
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higher temperatures, but such passive opening is normally very transient and 
the data obtained in the experiments were all steady-state values lasting 20 
minutes or longer. 

More doubt attaches to the increased rate of opening found at higher 
temperatures which might be due to a lower water content in the ordinary 
epidermal cells with more rapid transpiration. Again, however, if the more 
rapid opening were due to the transient type of response usually classed as 
‘passive’ opening, a closure would be expected to follow; at the end of the 
experiment the conductance remained steady at the maximum values for at 
least 25 minutes. It would be desirable to repeat the determinations of 
temperature coefficients using a Wheatstone bridge porometer on a leaf like 
the wheat leaf; this would avoid the severe drying effect at high temperature 
of sweeping the leaf cavity with unsaturated air. 

The value of 2-2 found for the Q,, suggests that the rate of light opening 
at 300 f.c. is primarily controlled by a chemical ‘dark’ reaction; this is 
remarkable at so low a light intensity and over such a high temperature range, 
when light would be expected to be more or less ‘limiting’. Since onion guard 
cells have never been reported to contain starch, the possibility of an enzyme- 
controlled hydrolysis of a soluble polysaccharide suggests itself. 

While the closing effect of high temperatures has been shown to operate 
via the carbon dioxide concentration in the leaf tissue, the ‘opening’ effect 
of high temperature (both as to rate and steady-state values) may be inde- 
pendent of the carbon dioxide concentration. 

With the data from the experiments reported above, attempts were made 
to estimate the carbon dioxide concentrations prevailing in the sub-stomatal 
cavities and correlate these with the observed stomatal conductances. It was 
realized that in order to estimate quantitatively the changes in stomatal 
conductance brought about by known carbon dioxide concentrations, it 
would be necessary to carry out ‘through’ experiments (Heath and Russell, 
19545). Unfortunately, the onion leaf is an unfavourable object for this type 
of experiment, and even with wheat Heath and Russell were doubtful of the 
adequacy of the ‘through’ flow rates obtained under a pressure of 5 cm. 
mercury. 

However, it is possible to specify certain limits for the carbon dioxide 
concentrations in the sub-stomatal cavities of the leaves used in the experi- 
ments discussed here, because it may be assumed that these limits are the 
appropriate [ values on the one hand, and the concentrations of carbon 
dioxide in the air used for sweeping the leaf cavities and for the air jets on the 
other. 

These limits have been tabulated in Table III together with other relevant 
data; it should be noted that no allowance has been made for diffusion of 
carbon dioxide from other parts of the leaf which were exposed to air of 
0°03 per cent. carbon dioxide concentration and which were less brightly 
illuminated. However, the carbon dioxide content of the air in the jets condi- 
tioned the leaf over a circle of about 8 mm. diameter and the carbon dioxide 
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Taae III 
Effects of substomatal cavity carbon dioxide concentration upon stomatal 
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behaviour 
Limits be- 
Percentage tween which 
Temp. L.I. CO, used for (CO,) State of 
No. Date “— oe sweeping suggested stomata 
: saa ss 300 none O'OI2 0°00-0'012 less open o'001 
than No. 5 
2 3986 as 300 0:00 O'01I2 0'00-0'012 less open O'001 
than No. 5 
3 3656 35s 300 none — o-00- — less open 0°02 
than No. 4 
4 3.9.56 35 300 0°00 — o-00- — less open 0°05 
than No. 5 
s e086 = goo none 0008 000-0'008 open 
6 3.9.56 25 goo 0°00 0°008 =: 000-0008 open 
7 3-9.56 35 goo none 0025 0°00-0'025 less open O'0o1 
than No. 5 
8 3.9.56 35 goo 0°00 0025 0'00-0'025__—siless open 0'0o1 
than No. 5 
9 10.4.57 25 goo 0°00 0005 0°00-0°005_ _siless open 
than No. 10} o-oor 
10 10.4.57 35 goo 0-00 O'OI2 0°00-0°012 open 
II 13-5-57 33 300 0-00 0035  0°00-0°035 open 
3 (39:5.57 33 300 0°03 0035 0°03-0°035 _ _—siless open 0001 
than No. 11 
33 205.57 25 300 0-00 o'oI 0°00-0'01 less open 
than No. 15 | ecer 
0-001 
14 20.5.57 25 300 0°03 oOo! 0°01-0°03 less open 
than No. 13 
3 208.57 33 300 0-00 0032 0°00-0°032 open 
16 20.5.57 33 300 0°03 0°032 0°03-0°032__—siless open 0-001 
than No. 15 


diffusing from other parts of the leaf would have to travel a considerable 
distance before it could reach the sub-stomatal cavities concerned. 

It should also be mentioned that the [' values shown were determined 
for the whole leaf of which the side remote from the light was less brightly 
illuminated than the other; the stomatal conductances were determined on 
the brightly illuminated surface facing the light. Orchard (1956) found lower 
I values (0-008 per cent. at 300 f.c.) when using split-open onion leaves 
spread out flat than with intact onion leaves (o-o11 per cent.). 

The figures in the table indicate that where the upper limit is o-or2 per 
cent. or less, there is no evidence of a difference in stomatal conductance 
within a given light intensity and temperature: e.g. with and without carbon 
dioxide-free air sweeping in the experiment of 3.9.56 at 25° C. and 300 f.c., 
or at 25° C. and goo f.c. (Nos. 1 and 2, 5 and 6). This rather suggests that in 
onion, as in wheat, there is no appreciable response below a limit of about 
O°OI per cent. carbon dioxide concentration, and if this is true the opening 
from 300 f.c. to goo f.c. in this experiment was presumably a light effect 
independent of carbon dioxide concentration (cf. Heath and Russell, 1954 
a, b). When, however, the upper limit rises to 0-03 per cent. a closing effect 
is seen: e.g. in the experiment of 20.5.57 with ordinary air or with carbon 
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dioxide-free air sweeping at 300 f.c. and 25° C. (Nos. 13 and 14 in Table IIT). 
This closing effect of high carbon dioxide concentration is also shown where 
the upper limit is constant, but the lower limit is raised: e.g. in the experiment 
of 20.5.57 with ordinary air or carbon dioxide-free air sweeping at 300 f.c. 
and 33° C. (Nos. 15 and 16), also in the experiment of 13.5.57 with ordinary 
air and carbon dioxide-free air sweeping at 300 f.c. and 33° C. (Nos. 11 and 12). 

If comparisons are made between different temperatures it appears that 
the closing effect of higher carbon dioxide concentrations at the higher 
temperatures need not overrule the opening effect of the high temperature 
per se. Thus in the experiment of 20.5.57 wider opening at 300 f.c. occurred at 
33 C. than at 25° C. in spite of the rise in the upper limit from o-o11 to 
0-032 per cent. (Nos. 13 and 15); on 10.4.57, with carbon dioxide-free air 
sweeping, wider opening at goo f.c. resulted at 35° C. than at 25° C. while 
the upper limit rose from 0-005 to 0-012 per cent. (Nos. g and 10); in the 
experiment of 3.9.56 the stomata also opened wider, but not significantly 
so, with an increase in the upper limit by an unknown amount (Nos. 2 and 
4) at 300 f.c. In all these examples, however, the leaf cavities were swept 
with carbon dioxide-free air and thus the substomatal cavity carbon dioxide 
concentration must have been well below the upper limit (I); with the leaf 
closed, as in nature, the stomata responded to higher temperature by marked 
closure (experiment of 1.9.56 to 16.10.56) and this may be supposed to be the 
cause of the mitl-day closure in onion. 

Finally, the results of the experiment of 3.9.56 (Nos. 1-8) provide statisti- 
cally significant confirmation of Heath’s (1952) finding that onion stomata 
respond to light in spite of having no starch in the guard cells. 
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A Study of the Growth and Photoperceptivity 
of Etiolated Oat Seedlings 


Cc. L. MER 
Research Institute of Plant Physiology, Imperial College of Science and Technology, London, S.W.7 


SUMMARY 


The photoperceptivity of intact oat seedlings has been observed after pre- 
treating them for 3 days in darkness with a number of substances—copper and 
manganese ions, EDTA, copper-glycine, glycine, nitrates, indoleacetic acid, 
ethanol, and carbon dioxide. . 

None enhanced photosensitivity; carbon dioxide and ethanol reduced it. j 

Copper-glycine in darkness promoted mesocotyl growth and induced root 
formation. 

The effects of carbon dioxide and ethanol are shown to be identical and to 
account for this a speculative proposal is made about maturation. 

An alternative explanation of the growth of the mesocotyl then arises. 

The relationship between maturation and the behaviour of the seedling upon 
illumination is discussed. 


cides eI A 


INTRODUCTION : 


ETIOLATED oat seedlings are very sensitive to light and upon exposure, 
elongation of the mesocotyl is sharply reduced while that of the coleoptile is 
initially promoted; its final length, however, may be unaffected or reduced 
depending upon the duration and intensity of the illumination (Thompson, 
1950). The seedlings show maximum sensitivity to those frequencies near 
6,000-6,600 A which are active in photoperiodic phenomena (Parker et al, 
1949). These growth responses to illumination have been referred to light 
induced variations in auxin content, but previous work has indicated that 
auxin might not be immediately involved in the photoperceptive system 
(Mer, 1951). 

The further exploration of possible light-auxin interactions in vivo reported 
in this paper was prompted by recently published information on in vitro 
interactions between indoleacetic acid (IAA) and certain chelating agents and 
metal ions, for instance ethylenediaminetetra-acetic acid (EDTA), (Heath and 
Clark, 1956); copper (Turian, 1957; Recaldin and Heath, 1958), and man- 
ganese (Maclachlan and Waygood, 1956; Hillman and Galston, 1956). Evi- 
dence has therefore been sought of changes in the photoperceptivity of intact 
seedlings after treatment with these substances. 

The sensitivity of Avena seedlings to red light has already been mentioned 
and, as Parker, et al. (1952) have pointed out, a blue pigment is 
required as a photoreceptor; they have suggested a tetrapyrrole similar to 
phycocyanin. Todd and Galston (1954) have reported the isolation of such a 
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pigment, but no experimental evidence is yet available that it functions in vivo 
as a photoreceptor. In this connexion copper-glycine is of interest as it not 
only contains copper but it is blue, and has a peak absorption at about 6,000 A. 
Its absorption spectrum is similar to that of copper-alanine (Spies and Cham- 
bers, 1951). The effect of this compound on the growth and photosensitivity 
of etiolated seedlings has therefore been examined. 

In view of the present aim—to investigate possible light-auxin interactions 
—indoleacetic acid and carbon dioxide were included, and finally ethanol also, 
because it was found to affect the growth of these plants when used as a 
solvent for IAA. A survey of the behaviour of etiolated oat seedlings upon 
illumination has thus been undertaken. 


MATERIALS AND METHODS 


Avena sativa (Svaléf Victory) was used in all experiments. The method of 
growing these plants has already been adequately described in previous 
publications, to which reference may be made for details (Mer, 1951; 1957). 


Culture medium. London tap-water was used either as supplied, or acidulated with 
nitric acid to pH 4; the small volume added prevented the formation of precipitates 
which otherwise occurred when sulphates were used, but it did not influence the 
growth of the plants. 

To tap-water was added as required: 

Copper: 125 p.p.m. as sulphate (~ 2x 10-* M.). Copper-glycine: prepared by 
boiling excess freshly precipitated copper carbonate with glycine and crystallizing 
the copper-glycine so formed. 300 p.p.m. was used in the recorded experiments 
and if it be assumed that its composition is Cu:(CH,NH,COO),.H,O, then 300 
p-p-m. would contain 83 p.p.m. of copper. While these experiments were in progress 
the stock of seed became exhausted and 300 p.p.m. of copper-glycine was found to 
be toxic to the new seed (1958 harvest). Similar effects to those described were, how- 
ever, obtained with concentrations of 50 and 100 p.p.m. Manganese: up to 500 
p-p-m. as sulphate and 125 p.p.m. as chloride. EDTA di-sodium salt: 744°5 p.p.m. 
(~ 2x 10-8 M.) equivalent to copper. Glycine: 250 p.p.m. in the experiments with 
copper and 342 p.p.m. in those with manganese. JAA: 10 p.p.m. dissolved in 
ethanol, or as potassium or ammonium salts. Nitrates: mixed salts of potassium 
and sodium, 2 g. of each per litre. Ethanol: at a concentration of 0-2 per cent. 

Illumination: 5 minutes of dim red light (Dufay-Chromex filter 2436/10; Heath, 
1952) at an intensity of approximately 1 f.c. Carbon dioxide: 5 per cent. in air. 


Experimental prccedure. Pretreatment in darkness with the various sub- 
stances noted above began when the seed was sown and continued for 3 days 
when the plants to be exposed were illuminated; the controls remained in 
darkness. All seedlings were then transferred in darkness to tap-water (either 
normal or acidulated). Six samples were taken at daily intervals: coleoptile, 
mesocotyl and longest-root lengths of 15 replicates per treatment were 
measured. The data recorded in the graphs for the 3rd day thus estimate 
these lengths at the time of illumination and subsequent growth variations 
were after effects. This procedure was adopted to avoid possible interactions 
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between the illuminated tissues and the substance which would have been 
absorbed by the plants had treatment been continuous. 


EXPERIMENTAL RESULTS 
1. The effects of copper ions and EDTA and their interactions with light 


In this experiment 125 p.p.m. of copper, 744°5 p.p.m. of EDTA and on 
this occasion 15 min. illumination were combined factorially in a 2* arrange- 
ment. The data are shown in Fig. 1, in which it will be seen that, in the dark, 
copper was promotive in the later samples. In the presence of EDTA the 
promotion due to copper occurred somewhat earlier but the final effect was 
the same. EDTA itself had no perceptible effect on mesocotyl growth. After 
illumination some further extension growth was shown by the controls but 
there was no differential effect of the substances either on growth or percep- 
tion since all final lengths were the same. 

In darkness coleoptile growth was depressed by copper and this effect was 
reduced in the presence of EDTA which, itself, scarcely affected growth. 
Upon illumination a transitory promotion occurred in all treatments; the 
final lengths were all less than those of the corresponding plants grown in 
darkness. Copper alone depressed the growth of the illuminated coleoptiles ; 
the remaining treatments were without effect. This behaviour, consequently, 
also indicated that the perceptive system was unaffected by the substances 
administered. 


2. The effects of copper-glycine and carbon dioxide and their interactions with 
light 

The result of this factorial experiment is recorded in Fig. 2. The effects 
of carbon dioxide and copper-glycine individually and together on the growth 
of the mesocoty] in darkness were similar; they both induced an initial growth 
depression but were ultimately promotive. Highly significant depressive 
interactions between carbon dioxide and copper-glycine were shown in the 
statistical analyses of the 4th, 5th, and 6th day samples (i.e. during the phase 
of rapid growth) but these did not occur in the analyses of the 7th and 8th 
day data when the final lengths had been reached, suggesting that the effects 
were independent and additive. 

After illumination the mesocotyls of the plants treated with copper-glycine, 
which were shorter than the controls when exposed to light, elongated to reach 
a length equal to that of the controls; the slight rise shown by the last sample 
was also observed in other experiments and this may indicate a growth effect 
due to a residuum of the absorbed substances within the plants. Carbon 
dioxide in the presence and absence of copper-glycine occasioned considerable 
growth after illumination and since copper-glycine alone was not promotive, 
these responses must both be referred to carbon dioxide itself. Thus light 
largely eliminated the promotive effect of carbon dioxide on mesocotyl growth, 
but as elongation occurred after exposure the seedlings must be regarded as 
less sensitive to light. The coleoptiles behaved reciprocally, both copper- 
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Fics. 1 and 2. The effect of copper ions and EDTA (Fig. 1) and copper-glycine and carbon 
dioxide (Fig. 2) on the growth of mesocotyls (a) and coleoptiles (b) in darkness (solid points) 
and after illumination (open points). 


© copper ions+EDTA (or copper-glycine-+CO,, Fig. 2). 
(1 copper ions (or copper-glycine, Fig. 2). 

A EDTA (or CO,, Fig. 2). 

© Controls. 


glycine and carbon dioxide separately and together were depressive while 
illumination induced a temporary promotion in all treatments but one; carbon 
dioxide-++-copper-glycine was consistently promotive. 

The effect of copper-glycine (Fig. 2) was quite unexpected and the observa- 
tion was confirmed in an experiment using copper sulphate and glycine com- 
bined with light in a 2? arrangement. The result is shown in Fig. 3. The effect 
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of copper on mesocotyl growth in darkness was similar to that already 
described—a slight promotion, while glycine itself did not affect growth. 
A strong interaction occurred when both were administered simultaneously 
to reproduce the effect of copper-glycine already recorded. 

The behaviour of the coleoptiles agreed with results already presented for 
copper, copper-glycine and illumination; glycine did not affect coleoptile 
growth. 

Brief reference may be made to the appearance of these illuminated plants. 
In Fig. 6 is shown, to the left copper-glycine treated plants and to the right 
controls, photographed 24 hours after illumination. The white line marks the 
position of the coleoptilar node. The inhibition of coleoptile and root growth 
due to copper-glycine is immediately apparent. Also, in both sets of plants 
the mesocotyl is curved below and straight above. The kink which occurs 
below the node probably indicates its position at the time of illumination. 
As this curvature appeared in all subsequent samples the growth of the lower 
part of the mesocotyl must have been totally inhibited by the brief illumina- 
tion. 


3. The effect of manganese and its interaction with light 


In these experiments plants treated with up to 500 p.p.m. of the metal ion 
(as sulphate) in acidulated tap-water were no different from the controls both 
in darkness and after illumination. As Bolas and Portsmouth (1948) have 
shown that manganese becomes available in acid solutions the absence of an 
effect cannot be adequately explained. Further experiments using 125 p.p.m. 
(as chloride) both alone and in combination with glycine in normal tap-water, 
also induced no growth variations. The data, therefore, will not be presented 
until definitive information on manganese absorption has been obtained. 


4. The effect of indoleacetic acid, nitrates, and ethanol and their interactions 
with light 

The results of these factorial experiments were inconsistent in that a growth 
promotion of the mesocotyl due to [AA was observed only sporadically. This 
variability was traced to the loss from the culture medium of the applied IAA, 
which had disappeared by the 3rd day. When the potassium and ammonium 
salts of [AA were used inactivation apparently occurred more rapidly (in less 
than 24 hours) for the roots of the plants so treated were only slightly 
inhibited. 

To avoid this difficulty fresh solutions were prepared daily and applied to 
the plants in darkness on each of the three pretreatment days. Ethanol was 
used as solvent and the appropriate quantity was added to the solutions 
without IAA (nitrate) to give a final uniform concentration of 0-2 per cent. 
The results are recorded in Fig. 4. 

The maximum length reached by the control mesocotyls in darkness was 
87-5 mm. and this is greater than that previously recorded (about 65 mm.). 
This promotion, which appeared in all treatments, must be due to the 
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Fics. 3 and 4. The effects of copper ions and glycine (Fig. 3) and [AA + nitrates + 0-2 per cent. 
ethanol (Fig. 4) on the growth of mesocotyls (a) and coleoptiles (b) in darkness (solid points) 
and after illumination (open points). 


© copper ions+glycine (or IAA+NOj, Fig. 4). 
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ubiquitous presence of ethanol. [AA caused a further slight promotion, nitrates 
an even larger one (except for the final sample); their combined effect was no 
more pronounced than that of nitrate alone. After illumination, IAA and 
nitrate induced slight growth promotions, and when they were combined the 
promotive effect was enhanced. The coleoptiles behaved as expected; nitrate 
promoted growth, IAA was depressive and their combined effect was inter- 
mediate. Light again induced a transient promotion in all treatments. 
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Fic. 5. The effect of ethanol on the growth of mesocotyls (a) and coleoptiles (b) in darkness 
(solid points) and after illumination (open points). 
0D ethanol. o controls. 


A further experiment was now carried out to test specifically the effect of 
0-2 per cent. ethanol. Fresh solutions were again applied daily during pre- 
treatment, and the result is shown in Fig. 5. Ethanol was at first depressive 
but later promoted mesocotyl growth both in darkness and after illumination. 
It also depressed the growth of the coleoptiles. 


5. Effects on root growth 


The behaviour of the plumule has been of primary interest in this work, 
but the effects of these substances on root growth may be briefly mentioned. 
Copper-glycine inhibited root growth as shown in Fig. 6, and when 300 and 
500 p.p.m. were used further elongation of these roots did not occur upon 
transfer of the plants to water. Many laterals, however, were produced and 
roots were initiated at the base of the mesocotyl (see Fig. 7). Copper-glycine 
thus appears to behave as an auxin. Many of the root-tips showed negative 
chemotropism, as they were hooked, and in the region of the meristem a blue 
colour was visible indicating a local accumulation of the absorbed substance. 
Copper ions also inhibited root growth and in this instance the tips were 
greeny blue, a colour reminiscent of many copper salts. Root initiation did 
not occur, however. 
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EDTA (7 p.p.m.) promoted root growth; the intermediate concentrations 
had little effect, while the highest (7,445 p.p.m.) was toxic as the growth of 
the entire plant was depressed. When applied alone no colour change was noted 
but with copper the root tips were a creamy opaque white; the copper colour 
was completely masked. 


Fic. 6. Fic. 7. 


Fic. 6. The effects of copper-glycine and light on the appearance of etiolated oat seedlings. 


Copper-glycine (5 seedlings)—left; controls—right. The white line marks the position of 
the node. The seedlings were exposed to red light for 5 min., 24 hours before taking photo- 
graph. Copper-glycine inhibited root and coleoptile growth. Light inhibited the growth of 
the lower part of mesocotyl and induced straightening in the dark period subsequent to 
exposure. 


Fic. 7. Root formation on the base of the mesocoty] (7-day-old seedlings) due to pretreatment 
with copper-glycine. 


IAA inhibited root growth, but no initiation of roots took place. Upon 
transfer to water extension recommenced; the new growth (very white) con- 
trasted sharply with the brownish-yellow colour of the inhibited zone. In many 
experiments the final length of the treated roots as already noted was similar 
to that of the controls, indicating inadequate application. 

In the experiments recorded, ethanol reduced root growth by about 20 per 
cent. in darkness; no reduction occurred in the illuminated series. 

Although copper-glycine strongly inhibited root growth nevertheless water 
was absorbed in the quantities necessary to provide for the considerable 
extension of the mesocotyl. The roots were probably not functioning normally 
and the uptake of water may have been due to the powerful growth impulse 
in the mesocotyl which caused a passive absorption such as Mees and 
Weatherley (1957) suggest occurs during transpiration. Similarly in the [AA- 
treated plants, the coleoptiles showed clearly the promotive effect of the 
nitrogen absorbed during pretreatment so that uptake, transformation by 
nitrate reductase and translocation took place normally in addition to the 
absorption of water, in spite of the severe inhibition of root growth during 
pretreatment. 
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DISCUSSION 

This investigation has been concerned with two topics, the possibility that 
copper-glycine acts as a photoreceptor in the response of the mesocotyl to 
light, and the possible role of native auxin in this phenomenon. 

Copper-glycine was considered in this connexion simply because it shows 
an absorption at about 6,000 A to which frequencies these seedlings are highly 
sensitive. The thesis underlying the experimentation is that an increased con- 
tent of the photoreceptor would occasion a greater inhibition of the meso- 
cotyl. The likelihood of success is remote, however, not only on account of 
the extreme sensitivity of the seedlings to light but also because it is virtually 
impossible to place the substance at the site of photoperception without dis- 
locating the normal metabolism of intact seedlings. The recorded data demon- 
strate the acute photosensitivity of these plants since exposure for 5 minutes 
to dim red light inhibited the growth of the tissues exposed. It is also evident 
that although copper-glycine reduced mesocotyl length during pretreatment, 
elongation occurred in the subsequent dark period and the mesocoty] finally 
achieved a length equal to that of the controls. Further, this treatment did not 
reduce the promotive effect of carbon dioxide after illumination (Fig. 2). On 
the other hand the statistical analyses of these data showed the highly signifi- 
cant depressive interactions between copper-glycine and light which are 
necessary to support a claim that it is a photoreceptor. This interaction, how- 
ever, was not due to an increased inhibition in the light but to the promotion 
in darkness. It is therefore unlikely that the natural photoreceptor is a chelate 
complex of this type. 

To investigate further the possible participation of native auxin in photo- 
reception, experiments were carried out with EDTA, copper and manganese 
ions, which have all been coupled with IAA in in vitro systems. The results 
- were uniformly negative. The data which prompted these experiments seem 
unequivocal and the conclusion reached must be either that auxin plays no 
part in photoperception or that the results of in vitro experiments may only 
be referred with appropriate reservations to the functioning of the intact plant. 
These results consequently do not assist in the identification of the photo- 
receptive system. 

The responses to copper-glycine and ethanol merit further discussion. 

The growth-promoting effect of copper-glycine is probably not due to the 
complex itself, for it would almost certainly dissociate in vivo. The two com- 
ponents, however, remain in association to generate a surprising interaction. 
A similar association between endogenous glycine and copper when supplied 
alone, might explain the promotive effect of the latter and as this was but slight 
a correspondingly low content of endogenous glycine is indicated. Further, 
such an association might occur generally as a growth regulatory system for 
both copper and glycine occur naturally in plants; binding of either moiety 
would eliminate their dual promotive effect. Whether other amino-acids will 
produce similar effects with copper remains to be ascertained. It is also not 
known at present if this is a specific copper effect, since only manganese has 
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been additionally tested and found, tentatively, to be ineffective. Miller (1951, 
1954), however, has reported a growth-promoting effect of cobalt. This ion 
also forms chelates with amino-acids, and since rapid protein decay takes place 
in isolated tissues—a high content of amino-acids may have been present 
which associated with cobalt. Unpublished experiments have shown that the 
concentrations of cobalt which Miller found promotive were toxic to intact oat 
seedlings. A further examination of this cobalt effect coupled with amino-acids 
might well be informative. 

In connexion with the effects of ethanol, the first point to note is that the 
plants looked as though they had been treated with carbon dioxide. Additional 
similarities are: they both (a) depress mesocotyl growth during pretreatment 
and then, as an after effect, are promotive ; (b) interact with nitrate to promote 
mesocotyl growth still further (compare Fig. 4a with Fig. 4a in Mer, 1959); 
(c) induce in the mesocotyl a capacity to elongate after illumination (Figs. 2 
and 5); (d) depress coleoptile growth; this effect is lessened in the presence 
of nitrates (Fig. 4b, and Fig. 48 in Mer, 1959) and (e) depress the growth of 
wheat coleoptiles (CO, effect Fig. 7 Mer, 1957; and ethanol effect un- 
published). Whether or not ethanol reduces the outflow of reserves from 
the endosperm as CO, does, remains to be determined. 

Two explanations are possible for this similarity in response: when these 
seedlings are exposed to carbon dioxide, dark fixation occurs and ethanol may 
be formed as an intermediate metabolite. It is, however, not usually mentioned 
in this connexion possibly because the methods of handling the material, 
either drying or extraction with hot or cold ethanol, or with ether, precludes 
its detection. This point may now be investigated. 

Alternatively the ethanol absorbed by the roots will be distributed about the 
plants and promptly respired. Since in these experiments aeration was con- 
tinuous it is unlikely that respiratory carbon dioxide could have accumulated 
until a stimulatory concentration was reached in the atmosphere about the 
plants. Consequently the excess respiratory CO, must have been retained 
internally long enough to bring about those effects which are induced in seed- 
lings when carbon dioxide is applied externally. In this event the particular 
feature common to these two treatments is the maintenance within the plant 
of a high CO, concentration. Hitherto the importance of carbon dioxide in 
metabolism has been referred to the formation of reactive intermediates. It is 
now suggested, as a speculation, that the mere content of CO, is of some 
significance in determining the physiological status of the cell; that is, a meri- 
stematic cell would be one having a high CO, content while a mature cell 
would have a low CO, content. 

Maturation would consequently involve both the dissipation of the growth 
impulse (currently referred to the consumption of auxin), and a contempora- 
neous fall in the carbon dioxide content of the cell (a matter not previously 
considered), due to (i) an increase in volume (causing dilution); (ii) a larger 
wall-area (facilitating gaseous exchange) and (iii) insufficient respiratory CO, 
to return the concentration to its former level. This change in the internal 
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milieu might also be in part responsible for the known differences in meta- 
bolic potentiality between meristematic and mature cells (Robinson and 
Brown, 1954). 

The promotion of mesocotyl growth in darkness due to both carbon dioxide 
and ethanol thus follows from the maintenance of the high CO, content of the 
tissues which prolongs the meristematic phase and so increases the number 
of cells which can elongate (Mer, 1957). The small size and compactness of the 
cells there tends to restrict loss of CO, from the meristem itself but inevitably 
cells will recede therefrom and begin to elongate; their CO, content will fall 
and they will mature. Hence these treatments delay maturation but do not 
prevent it. 

The normal elongation of the mesocotyl may also be described in these 
terms. The stem apex and leaves are enclosed in the coleoptile within which 
the occluded atmosphere, due to the combiried effects of respiration and slow 
gaseous interchange through the tissues with the external atmosphere, will be 
high in CO, and low in oxygen. Hence ethanol will be formed and this with 
the CO, present will impart a self-induced growth-promoting impulse to the 
meristematic cells in darkness. Again, as mitosis proceeds the cells at the base 
of the mesocoty] will recede from the stimulatory environment and ultimately 
further self-induction will cease; elongation will then occur until the growth 
impulse is spent. A wave of maturation will now appear to flow upwards to 
the coleoptilar node which will clearly mature last because it remains imme- 
diately proximal to the region of stimulation. This, in fact, describes the 
manner in which the mesocotyl elongates, and although discussion has been 
restricted to the Avena seedling the circumstances may well also apply to 
dicotyledonous apices and the elongation of their internodes. 

Thus far in darkness; the brief light exposure used in these experiments 
was too short to evoke chlorophyll formation, but the leaves were noticeably 
yellower than those of the controls indicating that carotenoid synthesis had 
occurred. Further exposure would promote chlorophyll synthesis in the leaves 
which would thereupon absorb the growth-inhibiting red radiation and so 
maintain the stem apex in virtual darkness; also its envelopment by leaves 
will retain about it a self-inducing atmosphere. The mesocotyl, on the other 
hand, is quite bare, and it matures instantaneously upon exposure; auxin 
destruction alone has hitherto been invoked to account for this response. The 
present speculation alternatively suggests as the reason for maturation a de- 
crease in its carbon dioxide content, and this might come about either by 
consumption in photosynthesis or by expulsion. The former is unlikely in 
view of the absence of chlorophyll at the time of exposure, and also because 
the mesocotyl does not become green even after long exposure to light; the 
latter occurs in a number of algae even in the presence of a functional photo- 
synthetic system (Brown and Whittingham, 1955). Consequently an outburst 
of carbon dioxide from Avena upon exposure to light may now not unreason- 
ably be sought. 

The retention by the mesocotyls of treated plants of a capacity to extend 
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after illumination now follows—while the carbon dioxide content of the con- 
trols falls from a normal to a low level upon exposure, that of the treated plants 
falls from a high to a moderate level; further extension is thus possible. 
Similarly the extension of the upper part of the control mesocotyls (Fig. 6) 
can be referred to the retention of carbon dioxide in the very immature cells 
proximal to the meristem, or to the elongation of cells formed after illumina- 
tion. 

The response of the coleoptile to light presents a difficulty for the auxin 
theory which postulates a destruction of hormone in the light; hence a growth 
promotion cannot be accounted for without a subsidiary hypothesis, namely 
an increase in the sensitivity of the tissues to the reduced auxin content. The 
destruction of auxin in the light will account for the ultimate reduction in 
coleoptile length and this may be coupled with the following two possible 
explanations of the promotion to describe the observed behaviour. The flow 
of reserves from the endosperm to the coleoptile depends on the behaviour 
of the mesocotyl and on nutrition (Mer, 1957, 1959). Light by stopping meso- 
cotyl growth eliminates its demand for nutrients and so permits an increased 
transfer to the coleoptile; hence a growth promotion. If maximum transfer 
of reserves to the coleoptile could be arranged then the additional supply 
consequent upon the inhibition of mesocotyl might be of little significance. 
Such a transfer occurs when nitrate is supplied; leaf and coleoptile growth 
are markedly promoted (Mer, 1959) but in plants so treated the usual response 
to light is shown (Fig. 48). Some factor other than nutrient supply may thus 
be involved in this response. 

Alternatively a direct effect of carbon dioxide may be invoked. Opposite 
growth effects are induced by CO, and ethanol in the mesocotyl and coleop- 
tile; the latter is depressed. Since the speculation proposed suggests that light 
decreases the CO, content of the tissues, a promotion would ensue. Apart from 
the speculation, the direct depressive effect of CO, on the coleoptile may be 
called in question, because this has been explained by inadequate nutrition. 
The outflow of reserves from the endosperm is decreased by CO, treatment 
but when appropriate allowance was made by covariance analysis for this 
effect, that of carbon dioxide on coleoptile length was largely removed because 
statistical significance was not reached (F = 2-07; 4:28 required for signifi- 
cance at 5 per cent.). Consequently the direct effect of carbon dioxide on the 
coleoptile called for by this speculation seems to be absent. It is thus evident 
that no consistent and fully satisfactory explanation of the behaviour of the 
coleoptile can yet be given. Also, much further work will be necessary to 
confirm or refute the speculations entertained. 
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Studies on the Expansion of the Leaf Surface 


Hf I, THE INFLUENCE OF TEMPERATURE 


: F. L. MILTHORPE 
| I (School of Agriculture, University of Nottingham, Sutton Bonington, Loughborough) 





SUMMARY 


5 An investigation was made of the expansion of the leaf surface of cucumber 
| : at temperatures of 12°, 18°, 24°, and 30° C. with two levels of visible radiation 
(40 and 80 cal. cm.~* day~). The relative rate of expansion of the leaf surface 
d N increased with temperature up to 24° but was lower at 30° than at 24°. It was 
slightly greater with the higher than the lower level of radiation at the lower 
o temperatures only. This rate was the resultant of the rate of unfolding of new 
‘a leaves and the rate of expansion of the component leaves. The rate of leaf pro- 
duction increased with increasing temperature up to 24° and was constant there- 
after, but leaves unfolded from the terminal bud more rapidly with increase in 
temperature over the entire range. The rate of expansion of individual leaves 
was greatest at 24°, being less at both lower and higher temperatures. Differences 
in this rate between temperatures increased in the order: cotyledon, leaf 1, leaf 2. 
Leaf production and unfolding was greater with the higher level of radiation but 
the expansion of individual leaves was not influenced. 
; These results suggested the following interpretation of the expansion of the 
leaf surface. Its potential rate is set by the rate of unfolding of leaves from the 
terminal bud, which depends mainly on the temperature and the rate of assimila- 
tion by the upper leaves and the terminal bud, the demand for assimilate exceed- 
ing the supply in this region. The demand for mineral substrates by the terminal 
bud is low and not influenced by a wide variation in potential supply. After un- 
S. 5 folding from the terminal bud, the leaf provides most of its own supply of carbo- 
i hydrate by assimilation and this can be met at a low level of radiation. Surplus 
assimilate is diverted to the roots and stems which respond much more to in- 
creased radiation than does the leaf surface. The demand for mineral substrates 
by expanding leaves, however, is high—the greater the number expanding at any 
time the more likely is the demand by any one leaf to exceed the supply. This 
leads to a reduction in the number of cell divisions and, consequently, a reduced 
rate of expansion and a smaller leaf. The optimum level of any environmental 
factor is that at which the most effective compromise between these conflicting 
processes is reached. 
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INTRODUCTION 


ANALYsIs of the accumulation of dry weight (equivalent to the fixation of 
energy) in terms of the intensity of the associated processes and the size of the 
available surface was first proposed by F. G. Gregory in 1917. Many investi- 
gations since then (e.g. Gregory, 1926; Heath and Gregory, 1938; Watson, 
1947, 1952) have suggested that variations in the extent of the leaf surface 
contribute far more to differences in yield than do variations in the rate of 
assimilation. In other words, the rates of the processes of photosynthesis and 
respiration play a subordinate role to the integrated rates of the mass of other 
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complex reactions of growth and differentiation which are expressed in the 
expansion of the leaf surface. 

Knowledge of the expansion of the leaf surface has therefore a considerable 
importance for agriculture as well as an intrinsic interest arising from the 
mechanisms concerned and their relationship to the growth of other organs 
of the plant. The classical studies of Gregory (1921, 1928) defined many of 
the features involved and gave clear guidance of an approach likely to lead to 
a clearer appreciation of the associated processes. Although a number of recent 
investigations, notably those of Arney (1956), Ashby and Wangermann (1950), 
Njoku (1957), and Sunderland, Heyes, and Brown (1956), have contributed 
substantially, many of the questions envisaged by Gregory remain unanswered. 
When the present investigations were commenced in 1955, the obvious 
starting-point appeared to be simply to continue from where Gregory left off. 
He had shown that light influenced the time-course of the rate of expansion 
of the leaf surface and, in some of the first experiments on growth to be 
conducted under constant conditions, he found that temperature over the 
suboptimal range had little effect. This surprising feature he attributed to the 
dominant influence of a photochemical reaction which was independent of 
assimilation. 

It was first necessary to explore the influence of temperature using the much 
higher levels of artificial radiation which are now available. (For details of the 
growth rooms ‘used, see Hudson, 1957, p. 184.) A series of experiments was 
carried out at temperatures between 12° and 30° C., some plants being grown 
in one constant environment throughout the experimental period and others 
being transferred from one environment to another during the experiment. 
The techniques and method of analysis adopted were similar to those formu- 
lated by Gregory. 


METHODS 


Five experiments were carried out with cucumber var. ‘Butcher’s Disease 
Resister’; i.e. the variety used by Gregory in his original work. In each 
experiment, plants were grown in a 16-hour day under two levels of radiation 
(40-2°5 and 80+ 5:0 cal. cm.~* day-*) at each of two temperatures, 24+ 1° C. 
and one other. All seeds were germinated at 24° C., selected for uniformity 
on emergence of the radicle and planted in 5-inch pots containing either John 
Innes Potting Compost No. 1 or sand watered with a nutrient solution. The 
latter was completely renewed every three days and had the following com- 
position (g./l.):0-26 Na,HPO,.12 H,O, 1-86 NaNOs,, 0-18 K,SO,, 0-10 CaCl,, 
o-12 MgSO,.7 H,O, 0-02 FeC,H,O,.3 H,O, adjusted to pH 5:5. All pots 
were kept at 24° C. in tungsten light of 5 cal. cm.—* day~ (to prevent etiola- 
tion) for a further period of 4 days, by which time the plants had emerged 
and the cotyledons had just unfolded. They were then randomized among 
treatments and the experiment was commenced. Details of the five experi- 
ments were: 
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Expt. 14: Temperatures of 24° and 12° C.; sand culture; harvests made at 
6-day intervals for 36 days. Some plants transferred from each 
treatment to all other treatments between Days 12 and 24. 

Expt. 18: Temperatures of 24° and 18° C.; otherwise as Expt. 1A. 

Expt. 1c: Temperatures of 24° and 30° C.; total growing period was 30 days; 
otherwise as Expt. 1A. 

Expt. 1p: Temperatures of 24° and 18° C.; John Innes compost; harvests 
made at Days 0, 4, 8, 12, 16, and 24 days; transfers between en- 
vironments made between Days 8 and 16. 

Expt. 1E: Temperatures of 24° C. and 30° C.; John Innes compost; harvests 
at Days 0, 7, 14; no transfers made between environments. 


At each harvest, the dry weights of roots, stems, and leaves were determined 
separately. Each leaf was exposed on Ammo-positive blueprint paper (from 
Messrs. Lawes, Rabjohns & Co.) and its area subsequently measured with a 
planimeter. All leaves on the main axis were counted, the leaves in the terminal 
bud being observed by dissection under a stereoscopic microscope. 


TABLE I 


The relationship between the ratio of the measured area (A) to the calculated 
area (A_) and the calculated areas as obtained by Equation (1) and Equation (2) 
of Gregory (1921, p. 94) for leaves at different nodes 


Node Equation (1) Equation (2) 
number (Areas 1-100 cm.*) (Areas > 100 cm.*) 
I A/Ac = 0'949+0°0018A_ <A/Ac = 0°931+0°0002A, 
2 A/Ag = 0°913+0°00234¢ <A/Ac = 0°922+0:0002A_g 
3 A/Ag = 0°851+0°0021Ag <A/Acg = 0°855+0°0002A, 
4 A/Ac = 0°840A¢ A/Acg = o'89Ac 
5-10 A/Ag = 0°755+0°0024Ag A/Ag = 0°813A¢ 


The areas of all leaves of all plants allocated to the final harvest were esti- 
mated at 2-day intervals throughout the experiment. The dimensions mea- 
sured and the formulae used to calculate the area therefrom were those 
described by Gregory (1921, pp. 93-95), to whom the reader is referred for 
details. Equation (1) of Gregory was used to calculate areas less than 100 cm.? 
and Equation (2) for greater areas. An extensive series of observations for two 
experiments was made of the areas calculated from the linear and angular 
dimensions (A) and the area (A) measured by a planimeter after blueprinting. 
Treatment of the cotyledons as an ellipse resulted in areas calculated from the 
measurement of the two axes always being within 2 per cent. of the measured 
area, irrespective of their area. No correction was therefore necessary. The 
formulae for foliage leaves gave estimates of varying accuracy depending upon 
the node at which the leaf was inserted, the area of the leaf, and the formula 
used. The ratio of the measured area (A) to the calculated area (A,) varied 
as shown in Table I; these equations were used throughout to correct the 
calculated areas. Observations on groups of 30-60 leaves were used for each 
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relationship explored. It will be seen that the formulae always over-estimate 
the area to an extent which is greater the smaller is the leaf. By using the 
corrections given in Table I, the area of any one leaf was estimated to within 
+2 per cent. 


RESULTS 


Drifts with time. The relationship between the logarithms of the dry weight 
and time (Fig. 1) showed a decrease in the relative growth-rate throughout 
the experiment. This was a constant feature of all experiments carried out in 
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Fic. 1. The relationship between log, dry weight per plant and time of 

plants grown at 18° (broken lines) and 24° C. (continuous lines) under 

radiation levels of 40 (white circles and horizontally pied circles) and 80 
cal. cm.~* day~! (black circles and vertically pied circles). (Expt. 1D.) 


plant growth rooms, there being three regions of differing response: (i) an 
initial period with a very high relative growth-rate; (ii) a period extending 
from Days 4-6 to Days 16-20 with a slowly decreasing relative growth-rate; 
and (iii) a period after Days 16-20 when the relative growth-rate fell more 
rapidly. As may be seen from Figs. 3 and 4, the relative rate of expansion of 
the leaf surface followed a similar trend and so did the net assimilation rate 
(Fig. 2). The reasons for these drifts with time will be discussed in a later 
paper; they were accentuated by nutrient depletion and shading of the lower 
by the upper leaves towards the end of the experiment, but these factors were 
only partly responsible. Observations over the middle period only have been 
taken as being representative of any treatment in all comparisons made between 
treatments. 

Expansion of the leaf surface. At Day o, the cotyledons had just unfolded 
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to expose the terminal bud, which then contained 4 leaves. The first period 
of growth consisted of expansion of the cotyledons and development of the 
terminal bud up to the time of unfolding of the first foliage leaf (cf. Fig. 9). 
Thereafter successive leaves unfolded and expanded with continued produc- 
tion of new leaves from the apex. It follows that the total leaf surface at any 
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Fic. 2. The relationship between the net assimilation rate and time of 
plants grown at 18° and 24° C. under radiation of 40 and 80 cal. cm.~* 
day. (Expt. 1D.) 


time was determined by (i) the rate and duration of expansion of the cotyle- 
dons; (ii) the time to unfolding of the first foliage leaf; and (iii) the relative 
rate of expansion of the total surface of foliage leaves (cf. Figs. 3 and 4), which 
was a resultant of the rate of unfolding of new leaves and the rate of expansion 
of each unfolded leaf. 

(a) Expansion of the cotyledons. The expansion of the cotyledons with time 
at one level of radiation and two temperatures is shown in Fig. 9. This form 
of relationship between the area (A) and time (#) was shownatall temperatures 
and may be represented by 

A = a+bt—ct? (1) 
up to the time that expansion ceased. This was of the order of 14~16 days at 
all temperatures except 12° C. when the rate of expansion was extremely slow 
and terminated by about the roth day. They were then rather curled and 
extremely brittle. The rate of expansion therefore was a linear function of 
time, i.e. dA/dt = b—a2ct. As the duration of expansion and the size at Day o 
was similar in all experiments (4-8--0-72 cm.*), an appropriate measure for 
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comparing the effect of temperature and radiation level was the average rate 
of expansion over the first 8 days. Comparison of this parameter within each 
experiment showed that significant differences existed between 24°, which 
was optimum, and all other temperatures, but no differences were found 
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Fic. 3. Changes with time in log, total foliage leaf surface of plants: a. grown throughout at 

18° and 24° C. with radiation of 40 and 80 cal. cm.~* day; B. transferred from 18° and 

40 cal. cm.~? day to 24° under 40 and 80 cal. cm.~? day between Days 8 and 18; c. trans- 

ferred from 24° and 80 cal. cm.~* day to 18° under 40 and 80 cal. cm.~* day. B and c are 
on the same time scale as A. (Expt. 1D). 


between the two levels of radiation. The relationship of this rate to tempera- 
ture is shown in Fig. 5, where each point has a standard error of +-0-07 cm.? 

(b) Time to unfolding of the first leaf. The influence of temperature and 
radiation on the time to unfolding of the first leaf is illustrated in Figs. 3, 4, 
and g. The subsequent expansion of the total leaf surface (L) followed the re- 
lationship 


log L = a+bt—ct*. (2) 
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Fic. 5. Rate of expansion of cotyledons (the mean of two levels of radiation as pied circles 
) j and broken line) and the time to unfolding of the first foliage leaf under 40 (white circles) and 
2 ‘ 80 cal. cm.~? day (black circles) at different temperatures. 
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Equations of this type were fitted to the data of all plants grown throughout 
at a constant temperature and solved for the value of time when log L = 0; 
i.e. when the first leaf had reached an area of 1 cm.” This was taken as the 
time of unfolding of the first leaf. It was found to be remarkably constant 
between experiments, the values at 24° C. in the different experiments never 
differing by more than 0-3 days. 

Both temperature and radiation had a highly significant effect on the time 
of unfolding (Fig. 5); the relationship with temperature being of a hyperbolic 
nature. The reciprocal of this time must be some function of the rate of growth 
of the first foliage leaf during the primordial stages; over the entire range of 
temperature covered it showed a positive curvilinear relationship with tem- 
perature. 

(c) Rate of expansion of the foliage leaf surface. It follows from equation (2) 
that the relative rate of expansion of the ieafsurface fell linearly with time, i.e. 


1 dL 


‘The use of this function, rather than 1/L.dL/dt = b/t" as suggested by 
Gregory (1928), is preferred, as the parameters are more readily compre- 
hended, they can be independently estimated and they usually give a closer 
fit (Aspinall and Milthorpe, 1959). 

Comparisons of the two parameters 5 and 2c, which was necessary to define 
the relative rate of expansion, was further complicated by the fact that 2c was 
an inverse function of 5; i.e. the relative rate of leaf expansion decreased 
more rapidly the higher it was during the earliest periods of growth, as defined 
by the value of 5. A suitable index of the relative rate of expansion for 
comparative purposes was afforded by the mean value over a given period 
of time. Two sets of data were used from each experiment: (i) the mean 
rate of expansion between Days 6-8 and Days 16-18 of plants maintained 
throughout in the same environment, the values being obtained from curves 
fitted as in Equation (2); and (ii) the mean rates of plants transferred 
from other environments. Detailed examination of the latter data (Fig. 3) 
showed that the rate appropriate to plants grown throughout in any one 
environment was achieved almost immediately by plants transferred from 
another environment, any differences noted being far less than the variation 
occurring between plants. Eight values were available for each environment 
in each experiment; the means of these are shown in Fig. 6, where the differ- 
ences between levels of radiation at 24° and 30° C. were found not to be 
significant. The maximum relative rate of expansion was at 24° C., lower rates 
occurring at lower temperatures. Radiation had only a small effect, although 
the combination of all data suggested that the rate was slightly faster at the 
higher than at the lower level, especially with temperatures at or below the 
optimum. The net assimilation rate appropriate to each relative rate of expan- 
sion varied in a similar manner with temperature, but the level of radiation 
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had a far greater influence. The marked degree of independence between the 
two attributes was obvious. 

(d) The rate of production and unfolding of leaves. The total number of leaves 
present were counted at each harvest and the number which had unfolded 
were counted at intervals of 2 days. Both showed a simple linear relationship 
with time (Fig. 7), the initial rate appropriate to any environment being main- 
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Fic. 6. Relative rate of expansion of the foliage leaf surface (circles and 
continuous lines) and the net assimilation rate (squares and broken lines) 
under 40 (white) and 80 cal. cm.~* day (black) at different temperatures. 


tained throughout the experiment despite substantial decreases in the rates 
of other attributes, such as the relative growth-rate, the relative rate of expan- 
sion of the leaf surface, and the net assimilation rate. The constancy of the 
rate of leaf production with time has invariably been found in a number of 
other constant environments; the constancy of the rate of unfolding of new 
leaves is less well established as a positive curvilinear relationship with time 
was found in some experiments which will be reported subsequently. Never- 
theless, over the period covered by all these experiments, the rate of leaf 
production always exceeded the rate of unfolding; that is, a continually in- 
creasing number of leaves were contained in the terminal bud as the plant 
grew older. Presumably this process could continue throughout the entire 
life of a plant such as the cucumber, although it must finally cease with the 
initiation of the inflorescence in determinate plants. 

The slopes of the lines of Fig. 7 provide estimates of the rates of production 
and of unfolding appropriate for each environment (Fig. 8), although counts 
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Fic. 7. The relationship between the total number of leaves produced 
(continuous lines) and the number of unfolded leaves (broken lines) with 
time at 18° and 40 cal. cm.~* day~! (white circles) and at 24° and 8o cal. 
cm.~* day (black circles). (Expt. 1D.) 
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Fic. 8. Rate of production of leaves (continuous lines) and rate of unfold- 
ing of leaves (broken lines) under radiation levels of 40 (white circles) 
and 80 cal. cm.~? day (black circles) at different temperatures. 


of total leaf production were not made in the experiment carried out at 12° C. 
The rate of leaf production was less at 18° than at 24° and 30° C., between 
which there was no difference, and it was always greater at the higher than the 
lower level of radiation. There was no indication of any interaction between 
temperature and radiation. There was an interaction between these two factors 
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on the rate of unfolding of leaves which increased throughout the entire range 
of temperature, the increase attributable to the difference in radiation being 
greater the higher was the temperature. 
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Fic. 9. Expansion of the cotyledons and the successive leaves of plants grown at (a) 18° C. 

throughout; (B) 24° C. throughout; (c) transferred from 18° to 24° between Days 8 and 16; 

and (D) transferred from 24° to 18° C. between Days 8 and 16. (Radiation of 80 cal. cm.~* 
day; Expt. 1D). 


(e) The rate of expansion of individual leaves. Gregory (1921) has pointed out 
that the expansion of an individual leaf with time may be represented by an 
autocatalytic curve, i.e. dA 

— = kA(a—A i 
af = kA(a—A) (4) | 
where A is the area at time ¢ and a the maximum area attained. Certainly, leaf 
expansion approximates to this relationship which implies symmetrical growth 
about the point of inflexion (Fig. g). Usually, a more complex relationship is 
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required to allow for the element of asymmetry which is always involved and, 
particularly, for the slow expansion which continues for some days towards 
the end of the expansion period. A more complex function, such as the Gom- 
pertz, therefore, applies more exactly (Amer and Williams, 1957). (A general 
discussion on the analysis of growth curves is given by Richards elsewhere in 
this number). The greater the number of parameters concerned, however, the 
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Fic. 10. Maximum rate of expansion of Leaf 1 (white circles) and Leaf 2 
(black circles) at different temperatures (mean of two levels of radiation). 


greater are the difficulties of comparison. At the risk of sacrificing some pre- 
cision in defining the curve for each leaf with time, one parameter only has 
been estimated in order to make simple comparisons between treatments. The 
integrated form of Equation (4)! has been fitted to data of the first two foliage 
leaves of plants grown throughout at 18° and 24°C. (Fig. 9 A, B), values 
towards the end of the period of expansion not being included. The rate of 
expansion at the point of inflexion, (dA/dt),,,., was calculated (Fig. 10). In 
no experiment were the growth-rates at the two levels of radiation found to 
differ significantly; the mean of both is shown in Fig. 10. This growth-rate 
was greatest at 24° C. but the differences between 18° and 24° C. for Leaf 1 
were not significant. The marked influence of temperature was apparent with 
Leaf 2 which was far more ‘plastic’ in response than Leaf 1 or the cotyledons 


' This is log A/(a—A) = k(t—t,), where A is the area at time t, a the maximum area reached, 
and ¢#, the time where A = a/2. . 
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(cf. Fig. 5). Temperatures both above and below the optimum resulted in 
rauch slower rates of expansion. 

This was also illustrated by the growth curves of leaves transferred from one 
environment to another (Fig. 9 c, D). When plants were moved from 18° to 
24° C, there was an immediate response to the new environment, the rate 
being similar to that of plants grown throughout at that temperature. The 
degree of response depended on the area reached by the leaf at transfer; if 
the area was small there was an immediate response but towards the end of the 
period of expansion this was less obvious. However, with plants transferred 
from 24° to 18° C. (Fig. gc), leaves which had progressed far in ontogeny 
showed an immediate response, the rate of expansion decreasing more sud- 
denly than would have been expected. The reasons for this effect were obscure, 
but its implications in relation to the expansion of leaves in an environment 
of fluctuating temperature certainly requires investigation. The influence of 
temperature on the rate of unfolding of leaves was also illustrated in Fig. 9, 
transfer to the lower temperature decreasing the rate and transfer to the higher 
temperature increasing the rate to the levels which would have been expected 
from plants maintained throughout at those temperatures. 


DISCUSSION 


One of the main features emphasized by Gregory (1928) was the apparent 
independence of the relative rate of expansion of the leaf surface over the 
suboptimal range of temperatures between 18° and 25° C. This conclusion 
was not supported by the present results which, despite a lack of intermediate 
points, suggests that this attribute increases with temperature over this range. 
The differences between the two sets of results may be attributed to two 
reasons: Firstly, the light intensities used here were much higher than those 
available to Gregory, who points out that his plants were probably restricted 
in growth by the low level of this factor. Secondly, if a more precise definition 
of unfolding is adopted (say, an arbitrary area of 1 cm.”) and Gregory’s values 
of log. area over the suboptimal range of temperature are plotted on an arith- 
metic scale of time from unfolding, there is evidence of divergence of these 
values at the later periods of time. This suggests that if the experiments had 
been continued for a longer time, lower growth-rates would have been found 
at all temperatures below the optimum of 25° C. As shown by Gregory and 
confirmed by these experiments, the relative rate of expansion of the leaf 
surface decreases at temperatures above the optimum. It may, therefore, be 
concluded that the expansion of the leaf surface follows an optimum curve 
with temperature, with rates progressively decreasing as the temperature 
diverges from about 24° or 25° C. to either higher or lower values. 

In the present experiments the net assimilation rate increased in the same 
direction as the relative rate of expansion of the leaf surface but it was in- 
fluenced differently by temperature and by radiation (Fig. 6). These data, 
replotted in Fig. 11, where it is seen that there was a wide divergence of 
relative leaf growth-rates at comparable net assimilation rate. This supports 
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Gregory’s conclusion that the relative rate of expansion is largely independent 
of the net rate of assimilation; indeed, it is quite clear that temperature and 
radiation influence leaf expansion most through processes other than that of 
assimilation. Further, at any one rate of net assimilation, leaf growth was 
greatest at the /ower level of radiation. There was, therefore, in these results, 
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Fic. 11. The relationship between the relative rate of expansion of the 

foliage leaf surface and the net assimilation rate at radiation levels of 40 

(white circles) and 80 cal. cm.~* day (black circles). (Data from different 
temperatures as shown in Fig. 6.) 


no evidence for the existence of a photochemical reaction, other than assimila- 
tion, influencing leaf expansion. If such a reaction exists, as was suggested by 
Gregory (1928), Pearsall and Bengry (1940), and Killam and Myers (1956), 
then it must be saturated at very low intensities. Increase in radiation over the 
two levels used had only a small effect on the rate of expansion of the leaf 
surface, a much larger proportion of the surplus assimilate being diverted into 
the further growth of roots and stems. 

The increased rate of expansion of the leaf surface attributed to radiation 
arose entirely from an increased rate of production and unfolding of leaves, 
there being no effect on the rate of expansion of each individual leaf. Pre- 
sumably, ample assimilate was formed at the low radiation level in each 
expanding leaf to meet its needs. The constancy of both the rate of production 
and rate of unfolding of leaves with time, despite large differences in the net 
assimilation rate and the demand for substrates elsewhere, coupled with the 
response of these rates to radiation suggests that the rate of assimilation in the 
enclosing leaves of the terminal bud and the newly unfolded leaves was playing 
a major role. Goodall (1945, 1946) has shown that assimilation in ieaves that 
have just unfolded is insufficient to balance respiratory losses, all increase in 
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weight being attributable to translocated material; if this is so, then a given 
increase in the rate of assimilation of such leaves may be expected to have a 
larger effect than in older leaves where all the demand is met locally. 

Further, depletion of the external supply of nutrients with time had no 
effect on these rates of leaf production which suggests either that the meri- 
stems of the terminal bud were able to compete very strongly for the supplies 
available or, as is more likely, the low rate of activity involved (Sunderland, 
Heyes, and Brown, 1956) required but a small proportion of the mineral 
nutrients entering the plant. This concept implies that the rate of activity in 
the terminal bud, which is almost entirely concerned with cell division, is 
influenced mainly by the supply of assimilate and its mobilization into new 
structural units which is determined by temperature. Thus, as shown in Fig. 8, 
the rate of appearance of new leaves increased throughout with temperature; 
radiation had a greater effect the higher was the temperature. The absence of 
any effect of temperature between 24° and 30° C. on the rate of production 
of new leaves may perhaps be a consequence of competition within the termi- 
nal bud for available assimilate. Unfortunately, relevant information from 
other sources does not appear to be available; all published work using 
defoliation techniques, for example, involves effects which are likely to have 
occurred during the subsequent expansion. 

Once the leaf has unfolded from the terminal bud, it becomes largely inde- 
pendent of assimilate from elsewhere in the plant, there being a net transport 
from the leaf when it is about half its final size (Goodall, 1945, 1946). There 
was no effect of radiation (between the levels studied) on the rate of expansion, 
which suggests that the requirements of the leaf for assimilates were met at 
quite a low level of radiation and from the time of unfolding. As the leaf 
expands, both cell division and cell expansion proceed, the former playing the 
dominant role in determining the rate of expansion and the final size attained 
(Newton, 1958). The order of 70-95 per cent. of the final number of cells in 
a leaf are formed after unfolding, the total number in a leaf at any one node 
at unfolding being similar irrespective of the external environment. It is likely, 
therefore, that the rate of expansion of a leaf is the resultant of three processes: 
(i) the rate of cell division; (ii) the proportion of meristematic cells which 
commence expanding; aiid (iii) the rate of elongation of each non-meristematic 
cell~As the rate of unfolding was greater at 30° than at 24° C. it was likely that 
cell division proceeded at a faster rate at the former temperature. Partial 
inactivation by high temperature of the enzyme systeras concerned with 
division was not evident. However, with the change in complement of enzymes 
which occurs during elongation (Heyes and Brown, 1956) there was no cer- 
tainty that some systems operating during expansion were not partially in- 
activated. With the increased rate of unfolding at the high temperature, more 
leaves were expanding at any one time and the demand for mineral substances 
would be greater. The demand for mineral nutrients by expanding cells is 
high (Heyes and Brown, 1956) and that of each leaf is likely to increase rapidly 
as the rate of leaf expansion approaches the maximum rate. This could lead 
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to a reduced supply to the dividing cells and result in either a slower rate or 
earlier cessation of division. 

There was some evidence that the final size attained by leaves was greater 
at 18° than at 24°C. (Fig. 9), and with lower than with higher levels of 
radiation, whereas leaves were much smaller at 30° C. This would suggest 
that cell division continued in leaves for a longer time at 18° than at 24° than 
at 30° C. The number of divisions occurring after unfolding are much greater 
in the order: Leaf 2 > Leaf 1 > cotyledons (Newton, 1958) and the pro- 
portionate responsés to temperature in the rate of expansion were also in 
this order (Figs. 5, 10). As the inherent rate of cell division appeared to be 
increased with increase in temperature, the decreased rate of leaf expansion at 
the high temperature suggests that a larger proportion of cells immediately 
commence to elongate rather than to go through more cycles of division. In- 
formation on the effect of temperature on the relative numbers of meristematic 
and elongating cells throughout the growth of a leaf is obviously required 
in order to explore this speculation and such is not yet available. 

The dominant role played by cell division was implicit throughout all the 
responses to temperature which were recorded. The rate of this process, and 
its duration in meristems of limited growth, provide the key to understanding 
the way in which the development of the leaf surface is influenced. The initial 
pace is set by activity in the terminal meristem, which is increased by tempera- 
ture and radiation, leading to a more rapid production and unfolding of leaves. 
Carbohydrate appears to be in short supply, whereas the requirements of 
mineral substrates is adequately met even with a low external concentration 
and with large demands elsewhere in the plant. With a high level of activity 
in the terminal bud, leaves unfold more rapidly and commence to expand, 
leading to a larger number of ‘sinks’ of more imtense activity to which mineral 
substrates flow. It seems that the demands of these sinks for minerals cannot 
be met when the potential, arising from the number of expanding leaves, is 
high. Cell division then proceeds over a shorter period of time than with a 
lower potential. The rate of expansion of the entire surface therefore contains 
a large element of self-stability; as leaves unfold more quickly, they do not 
grow as fast or as much. Consequently, the rate of expansion of a single leaf 
varies with the node number (i.e. with the number and strength of ‘sinks’ 
elsewhere) and with the environment. The optimum level of any component 
of the environment is that at which the most effective compromise between 
these conflicting demands is reached; further increase in the level of that 
component leads to a reduction in the total rate. The optimum temperature 
for expansion of the leaf surface in cucumber is about 25° C.; it is uncertain, 
however, whether the decreased rate of leaf expansion at higher temperatures, 
which is almost certainly effected through reduction of the number of cycles 
of cell division proceeding at a faster rate, arises from a lower availability of 
mineral substrates. The possibility of inactivation of some enzyme systems 
by high temperature must also be kept in mind. 
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I owe much to my wife, to Miss E. Lord, Mr. L. Heathcote and other 
colleagues who have shared the brunt of the labour involved in the collection 
of the data and its reduction to comprehensible proportions. 
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Some Observations on Root-hair Infection by 


Nodule Bacteria 


P. S. NUTMAN 
Soil Microbiology Department, Rothamsted Experimental Station, Harpenden, Herts. 


With two plates 


SUMMARY 


The infection by nodule bacteria of the root hairs of Vicia hirsuta and of twelve 
species of Trifolium is described. 

The proportion of root hairs deformed by bacterial secretions varies between 
host species and from point to point along the root but is unaffected by bacterial 
strain. Infection is more frequent in regions of maximum curling. Infection 
threads differ in their place of origin in the hair (apical or lateral), their mode of 
development and detailed morphology; some of these differences are charac- 
teristic of host species. The growth of infection threads is often arrested in the 
root hair. Least arrested growth occurs on 2-week-old seedlings infected at about 
twenty sites. The proportion of lateral infections increases with seedling age. 

Root-hair curling, infection-thread initiation and growth are associated with 
the near presence of the host cell nucleus. 

The observational data support the hypothesis of formation of the infection 
thread by invagination of the root-hair wall. 

No infections were observed in the root hairs of nodulated plants of Lotus 
hispida, Lotus angustissimus, and Anthyllis vulneraria. 


INTRODUCTION 


THE main features of root-hair infection in legumes are well established. As 
a preliminary to actual infection, the nodule bacteria in the root surroundings 
secrete B-indolylacetic acid which causes a local deformation or curling of the 
root hair (McCoy, 1932; Kostermans, 1935; and others). With few recorded 
exceptions only curled root hairs are infected. The bacteria inside the root 
hair are confined within a hypha-like structure, the infection thread, which 
originates in the curled region of the hair at the presumed point of primary 
infection. The infection thread grows into the root cortex towards the site of 
nodule initiation where it branches and ramifies. 

The infection thread has an outer envelope of cellulose deposited by the host 
cell and an interior of hemicellulose, possibly of bacterial origin (McCoy, 
1932). In general the bacteria multiply very little within the thread; excep- 
tional multiplication which leads to distension of the thread has been noted 
by Bergersen (1957). 

The frequency of infected hairs upon the root varies widely. Peirce (1902) 
grew lucerne on filter-paper and recorded numerous infections without abun- 
dant nodule formation. Purchase (1958) found the number of infected hairs 
on Montgomeryshire red clover to about equal the number of nodules formed, 
whether the host was nodulated sparsely or abundantly, with bacteria which 
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were either effective or ineffective in fixing nitrogen. In white clover, crimson 
clover, subterranean clover and lucerne, higher densities of infected hairs were 
found, although everywhere the proportion of infected hairs remained very 
low. Fahraeus (1957) similarly observed an excess of infections over nodules 
in white clover. 

In all these investigations, except the last mentioned, the seedlings were 
removed from their medium of growth on to glass microscope slides for 
observation. Such handling inevitably causes some damage and a reduction 
in the accuracy of observation. Fahraeus overcame tais difficulty by cultivating 
seedlings im situ on an agar film on a glass slide under a coverslip so that con- 
tinuous observations could be made without undue disturbance. 

This brief survey of the literature on infection emphasizes that infection 
of the root proceeds by well defined stages culminating in nodule formation; 
the infection thread playing an essential role throughout. It is the object of 
this paper to investigate in greater detail the early stages of infection, to eluci- 
date if possible the significance of certain features, some previously un- 
recorded, which bear upon the origin of the infection thread, and to describe 
variation in type and intensity of primary infection. 


MATERIALS AND METHODS 


Twelve small-seeded species of Trifolium, two of Lotus, and one each of 
Vicia and Anthyllis were chosen for this work. Fahraeus’s method of seedling 
culture on a glass slide was modified by distributing the agar medium into a 
small open-sided glass cell made from a microscope slide, a coverslip and four 
glass spacers each consisting of two small squares of No. 1 coverslip, the whole 
cemented with ‘Araldite’ resin. 

The glass cells were filled with Fahraeus’s semi-solid medium (0-3 per cent. 
agar), and after planting with germinated seedlings were placed singly in 
plugged boiling tubes containing 20 ml. of Fahraeus’s solution. The seed was 
sterilized with conc. H,SO, for 30 min. followed by prolonged washing in 
sterile water and inoculation with nodule bacteria. Pre-germinated seedlings 
with radicles about 2 mm. long were transferred to the slide cells with a wire 
loop and the root tip pushed gently into the agar. 

The cultures were held in wooden racks giving shade to the roots and grown 
in short days (8 hrs.) in a temperature-controlled cabinet (day and night tem- 
perature 20° C.+3° C.) provided with supplementary fluorescent lighting in 
winter. The slides were examined with due precaution to prevent contamina- 
tion. Observations were made with a Reichert Neozet microscope with bright 
field illumination. A 30 x objective with 8 x eyepieces gave optimal magnifica- 
tion for routine searching; doubtful infections were checked at higher magnifi- 
cation and with Anoptral phase contrast if necessary. Photographs were taken 
on Pan F or Kodak Microfile 35 mm. film using a Leitz Mikas attachment. 

Each root was scanned first along one side to the mid-line of the root and 
then along the other. At each time of observation the two microscope stage 
verniers were used to note the exact position of infected root hairs, nodules, 
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&c. Numbered drawings were made of all infected root hairs. This enabled 
the development of each infection thread to be followed, and provided an 
indispensable check on the accuracy of counts and location of infected hairs. 

In most species the roots were sufficiently thin and transparent for about 
80 per cent. of infections to be seen from above (as checked by counts made 
from above and below). It was not practicable to invert slides for routine 
observations so that the results below are given in terms of the actual numbers 
of infected hairs observed. Comparison of results from slides examined at 
frequent and less frequent intervals showed that the handling of the slides had 
no effect on infection. 

Because of the time taken to search and record a single root, particularly on 
older roots, no strict comparisons were possible at any one time and only a 
few in a day. This restriction was overcome by plotting observations upon 
curves which could then be compared and also by replicating treatments 
between experiments. 


OBSERVATIONS, EXPERIMENTAL RESULTS, AND DISCUSSION 
1. The relation between root-hair curling, infection, and nodule formation 


It has long been known that the curling reaction in the host is unspecific 
and can be caused by strains of nodule bacteria which are unable to infect the 
root hair. Although root-hair deformation and curling is so widespread and 
unspecific, iftdividual hairs display large differences in their reactions to the 
presence of nodule bacteria. For lucerne grown in agar culture McCoy (1932) 
recorded up to 40 per cent. of hairs showing distorted growth and curling of 
which 5-5 per cent. became infected; 1-5 per cent. of the infected hairs were 
associated with nodule formation. In similar studies Thornton (1929, 1936) 
found 22 per cent. curled hairs on young lucerne of which 0-25 per cent. were 
infected. 

These relations have been examined in three species of Trifolium and in 
Vicia hirsuta. The results in Table I show that the proportions of deformed 
root hairs differ significantly between host species but not between bacterial 
strains. They also confirm earlier work that only a very small number of 
deformed root hairs are visibly infected, and that a relatively small proportion 
(from 1 to 30 per cent.) of infected hairs are associated with nodule formation. 
Small variations in these percentages account for the very large differences 
observed in the pattern of infection as a whole. 

The proportion of deformed hairs was found to vary considerably between 
microscope fields; from 2 to 34 per cent. in 7. glomeratum, from o to 37 per cent. 
in T. procumbens, and from g to 34 percent. in V. hirsuta. x? for ratios of curled 
to total hairs show significant departure from a normal (binomial) distribu- 
tion. Too few fields were examined to make this comparison for T. parvi- 


florum. These differences were clearly related to differences in numbers of - 


infected hairs between fields. Thus in 7. glomeratum the mean percentages 
of deformed hairs in fields containing one or more infection threads and those 
without were respectively 15-7 and 10-4 per cent. Corresponding percentages 
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for T. procumbens were 29:2 and 20-7 per cent. and for V. hirsuta 18-8 and 
15°3 per cent. 

This association between curling and infection was significant (t = 2-5, 
P < 0°02 in the whole data) and could not be accounted for by the fact that 
the infected hairs were themselves curled since they never exceeded 2 per cent. 
per field. Rather does it show that those parts of the root bearing deformed 
hairs also tend to give rise to infection threads; viz. that the factors deter- 
mining the location of curling and infection are in some way related. 


TABLE I 


The relation between root-hair curling, infection, and nodule number in three 
species of Trifolium and Vicia hirsuta 


Infected hairs 
Infected associated Average percentages of 
Bac- Deformed hairs hairs as % with nodules curled hairs in fields 
terial as % of of curled as % of containing 0, 1, or 2 
Host strain all hairs x* df. hairs infected hairst infected hairs 

° I 2 

T. parviflorum*® CIF 28-0 — 8-3 14 — fo — 
” CIF 32°7 — 28 47 _ — _ 

a Coryn 28-2 _— 32 4°5 — — -- 

T. glomeratum CIF 10°3 8-81 3 I'l 81 13°0 5°4 — 
™ CIF 1378 58-88 6 6 50 16-2 34°4 — 
” S.U.297. 123 2°74 3 14 8-1 9°5 148 15°7 

- S.U. 297 6-7 10°88 3 ro 50 79 — — 

T. procumbens CIF 21°3 13°23 6 o9 8-8 19°3 31°6 — 
9» CIF 215 24°69 6 o"4 48 17°5 37°3 ~~ 
- S.U. 297 18-0 2181 5 18 112 18°4 _ 21°3 
- S.U. 297 291 17°04 14 o'8 20°0 22°2 30°0 24°0 

V. hirsuta VI 16°9 9°76 4 13 319 14°0 16°2 — 
» VI 14°6 24°56 5 I'l 27°9 17°7 17"1 — 

» 317 15"! 8-63 7 3°0 41 15°5 25°1 _ 

- 317 18-0 739 «5 20 no nodules 14°6 — 


* For T. parviflorum estimates were based upon paired fields taken atrandom, hair number per 
field varying from 49 to 62. Elsewhere percentages calculated from four to fifteen whole field counts 
spaced evenly along the root. 


+ Calculated on the following assumptions: (1) that each nodule is infected from one infection 
thread only (this holds for the majority of nodules). (2) that } of the infection threads on the underside 
of the preparation are not observed. 


2. The initiation of infection and development of the infection thread 


The association between the host-cell nucleus and the infection thread has 
often been remarked in histological preparations of the young nodule (‘Thorn- 
ton, 1930; Wipf and Cooper, 1940; Bond, 1948). Fahraeus (1957), however, 
was the first to demonstrate that the initiation of the infection thread and its 
continued growth are closely concerned with the near presence of the host-cell 
nucleus. He showed the dependence of thread growth upon the nucleus to be 
such that an infection thread originating in a lateral branch of a hair grows 
from the branch towards the hair’s tip instead of its base should the nucleus 
migrate in this direction. Separation of the nucleus and the growing apex of 
the infection thread leads invariably to the cessation of the latter’s growth, and 
if the separation lasts for more than a short time growth is not resumed. 

These observations of Fahraeus have been confirmed in all species exam- 
ined. In addition some new features were noted. 
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(i) Bacterial colony formation on the root hair. The occurrence of colonies 
of bacteria on the root hair at the point of initiation of an infection thread has 
often been described (Thornton, 1936, and other authors) and it has been 
assumed that colony formation precedes infection and is in some way con- 
nected with it. In the present study also, local congregations of bacteria among 
the root hairs have been observed. These were generally found on the older 
parts of the root in the vicinity of curled or infected hairs and were seen to 
develop after curling or infection had taken place. They are thus a conse- 
quence and not a cause of curling or infection. 

(ii) Place of origin of infection thread. This is known to occur generally in 
a region (apical or lateral on the hair) of maximum curling. Exceptionally, 
however, threads arise at an undeformed part of the root hair wall (PI. I, 
Figs. 6 and g) or even in epidermal cells not bearing hairs (Pl. I, Fig. 8). In 
Pl. I, Fig. 11 an infection thread is shown originating at a surface of adhesion 
between two root hairs. Adhesion between root hairs is not uncommon and 
occurs also in the absence of nodule bacteria. 

(iii) The arrested growth of infection threads. As suggested by Fahraeus, the 
growth of the infection thread may be arrested at any stage of development 
(Pl. I, Figs. 3, 9, and ro, Pl. II, Figs. 12, 13, 15, 19, 21, and 23). The con- 
cretions which are sometimes found (except upon uninoculated plants) on the 
inside walls of hairs or epidermal cells may represent very early stages in the 
abortion of infection threads due to arrested growth (PI. I, Fig. 7, Pl. II, 
Fig. 14). Such concretions also appear to be associated with nuclear activity. 
Infection threads cannot often be traced into the cortex and for the purposes 
of later discussion arrested infection threads are those which do not grow 
from the root hair itself. 

(iv) The multiple infection of a hair. McCoy (1929) records many infections 
for individual root hairs of Phaseolus vulgaris. In the species here examined 
multiple infections occur sporadically and infrequently and have never ex- 
ceeded three per hair (PI. II, Figs. 21, 22). They tend to be irregularly distri- 
buted on the individual root. 

(v) Infection thread morphology. Variations in thread thickness and tendency 
to branch are properties of the host. Hosts with fine root hairs generally have 
fine infection threads and vice versa; thus infection threads in T. fragiferum 
are much finer than those in 7. glomeratum or T. nigrescens (PI. I, Figs. 3, 4, 
g, 10, &c.). Infection threads sometimes become much thickened with a 
tuberculated surface (PI. II, Fig. 19), or bear many short branches. Frequent 
branching gives rise to arborescent structures as in Trifolium scabrum (PI. II, 
Figs. 13, 23); these were always observed to be abortive. 

(vi) Intracellular infection by the bacteria. Occasionally motile nodule bac- 
teria have been seen swimming actively within the vacuole of the young root 


hair particularly in Vicia hirsuta. Intracellular invasion of this kind was ob- . 


served to lead to the cessation of protoplasmic streaming, and to granulation 
of the host-cell cytoplasm and to the apparent death of the cell. In one instance 
an intracellular infection was observed in a hair already containing an infection 
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thread. In response to this invasion, the further spread of the bacteria was 
prevented by the laying down of a cross-wall at the base of the hair (PI. II, 
Fig. 20). 

(vii) Plasmoptysis. Burst root hairs have often been noted, even on uninocu- 
lated seedlings (and on seedlings of non-legumes), the rupture occurring 
always in a region of tip or lateral growth (PI. II, Figs. 16, 17). Only one such 
hair has been observed in the actual process of plasmoptysis; this was rapid 
(1-2 sec.), an appreciable part of the cytoplasmic content being extruded in 
one movement. This indicated that an accumulation of cytoplasm (and pos- 
sibly also the nucleus) had occurred at the tip prior to its rupture. Plasmo- 
ptysis was always observed to be present to some degree but occasionally the 
majority of the root hairs of an otherwise normal seedling were found to be 
ruptured (PI. II, Fig. 17). Plasmoptysis is induced in the root hairs of barley 
by rapid changes in osmotic pressure or acidity of the external fluid and by 
penetration of substances such as alcohol (Strugger, 1926). Plasmoptysis 
particularly when widespread may account for some of the effects generally 
attributed to root secretions. 

(viii) Infection of Lotus hirsuta Desf., Lotus angustissimus L. and Anthyllis 
vulneraria L. The roots of these species were repeatedly and exhaustively 
examined and although root hairs were deformed (in Lotus hispida to a marked 
degree) and nodules produced, no infection threads were observed. 


3. The nature and origin of the infection thread 


These observations are relevant to the problem of the mechanism of initial 
infection about which there are three hypotheses: (1) mechanical penetration, 
as found in some fungal infections, (2) enzymic solution of the hair-cell wall 
followed by penetration and enclosure of bacteria within the thread, (3) micro- 
invagination of the wall to form the infection thread without actual penetra- 
tion and infection of the cytoplast of the root hair (Nutman, 1956). The 
first hypothesis is unlikely since no structure comparable with the fungal 
appressorium has been observed, without which the mechanics of physical 
penetration would be difficult to visualize. The second hypothesis is also 
unlikely because nodule bacteria do not produce cellulases or pectinases 
(McCoy, 1932; Clarke and Tracey, 1956). 

Whenever indisputable penetration has been observed, as noted above, 
either the host cell collapses or invasion is confined by the laying down of a 
cross-wall and infection threads are not formed subsequently. This sequence of 
events supports the hypothesis of invagination and if it is invariable it excludes 
the other hypotheses. 

The theory of invagination is also in conformity with or supported by the 
following: (i) The thread is initiated in a region of active wall development, 
(ii) I.A.A. produced by the bacteria is known to affect wall plasticity (Ekdahl, 
1953) and is probably the cause of curling. It may also be active in inducing 
reorientation of growth leading to invagination. (iii) Infection-thread struc- 
ture conforms with the hypothesis; the cellulosic outer layer corresponding 
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to the inner secondary cellulose layer of the host wall. (iv) Electron micro- 
scopic studies have shown that the cellulose of the infection thread is struc- 
turally continuous with host-wall cellulose in soya bean (Bergersen and 
Briggs, 1958). 

On this hypothesis the remarkable directive activity of the host nucleus 
becomes fully intelligible. Wall growth, whether at the tip of the young 
developing root hair or in the formation of a lateral branch on an older hair 
(Pl. II, Fig. 18), is invariably associated with the near presence of the nucleus. 
This growth requirement is met not only at the site of the primary invagina- 
tion but also at the thread tip during its growth. The apparent penetration 
of the infection thread from cell to cell in the cortex and in the nodule, which 
is thought to take place at the wall pits, can equally well be accounted for 
simply by visualizing a repetition of the invagination process at each cell wall 
traversed by the thread. Maceration experiments on host tissue traversed by 
infection threads have in fact shown that the threads are discontinuous from 
cell to cell (McCoy, 1932). 

From this interpretation of the observed facts it follows that: (i) Initial 
infection is host controlled since it requires the active intervention of the 
plant cell nucleus. (ii) The bacteria within the infection thread may be con- 
sidered to be technically outside the plant cell, since they have not yet gained 
access to the protoplast. Indeed Bergersen and Briggs (loc. cit.) recently demon- 
strated in the soya bean nodule that the bacteria ‘released’ from the infection 
thread into the nodule cell remain outside the plasmalemma which becomes 
invaginated in its turn into a complex series of sacs each containing a few 
bacteria. The constitution of the primary cell wall of the host assumes new 
significance on this hypothesis. A study of the affinity between host primary 
wall and the bacterial surface may provide an explanation of the long-standing 
problem of cross-inoculation group specificity. 


4. The influence of host species, bacterial strain, and plant age upon the propor- 
tions of different types of infection 

Although infection at the curled apex of the root hair has been described 
more often in the literature than infection of a lateral branch, the latter is 
commoner in nearly all the species examined. 

An analysis of the distribution of the different types of infection upon a 
range of species inoculated with one or other of a number of strains of bacteria 
is given in Table II, which records as percentages: infection threads which 
are arrested early, viz. while still within the originally infected hair; lateral 
infections (normal and arrested); arrested lateral infections; laterally develop- 
ing infection threads which grow apically towards the hair tip instead of 
towards its base; and hairs containing two or three threads. The table also 
includes brief descriptions of length and density of root hairs observed during 
the first two weeks’ growth of the seedling. 

Neglecting the species for which only few observations were obtained it is 
clear that differences occur in all categories. Thus 7. fr-giferum consistently 
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forms a higher proportion of arrested threads than T. glomeratum. On both 
these species the percentage of arrested and of lateral threads produced by 
strains of Coryn and S.U. 297 are less than with strain CIF. 7. scabrum is 
outstanding in forming a large proportion of apically directed infection 
threads, which are often sinuous and arborescent (PI. II, Figs. 13 and 23). 
The occurrence of more than one infection thread in a hair is sporadic and 
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TExtT-FIG. 1. The relation between the number of infected hairs and the percentage of infection 


threads showing arrested development. The number beside each point corresponds to host 
and bacterial designation given in Table II. 


infrequent. Vicia hirsuta consistently forms a higher percentage of doubly 
infected hairs than any other host. The triple imection of a hair is rare and 
correlated with the presence of paired infections. 

The relation between infection number and percentage arrested threads is 
shown in Text-fig. 1; the numbers placed beside the points in the figure 
corresponding to host and strain designation in Table II. In general a high 
rate of arrested growth is associated with many infections; T. fragiferum and 
T. glomeratum inoculated with strains Coryn and S.U. 297 and T. scabrum 
inoculated with S.U. 297 as well as Vicia hirsuta falling into this sequence. 
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This relation breaks down, however, for those species which are sparsely 
infected (Nos. 17, 19 and 21). 

Excluding these, the correlation between percentage arrested threads and 
infection number is highly significant, as shown in Table ITI (a, i). If cessation 
of the growth of the thread is in any sense related to host resistance, these 
results suggest that the host is most susceptible when infected at about 20 sites, 
since with this number, the highest proportion of infections penetrate the 
cortex. 


TABLE IIT 


Correlations between number of hairs infected (i) and the proportion of arrested 
infection threads (a), the proportion of threads of lateral origin (b), and the 
proportion of threads which are both arrested and lateral (c) 


Between species and strains Within species of 
(data of Table II excluding species T. fragiferum, T. repens, 
17, 19 and 21) and T. glomeratum 
(values of r for 13 d.f.) (values of r for 52 d.f.) 
ai o894** ab 0-429 ai 0-156 
bi 0°355 ac 0o-929** bi 0233 (P = or) 
ci 0°863** be 0-653** ab 0°321* 


The relations between infection number and percentage lateral infection, 
between infection number and percentage lateral and arrested infection were 
also examined statistically (Table III). Again excluding the very sparsely 
infected hosts, there appeared to be a trend associating abundance with lateral 
origin but this was not significant (b, i). The relation between infection 
number and percentage of hairs which were both laterally infected and con- 
tained arrested threads was very similar to that shown for arrested threads 
only in Text-fig. 1, and was highly significant (‘Table IIT; c, i). (Note: arrested 
infections of lateral origin constitute a separate class since arrested infections 
can be apical or lateral and lateral infections abortive or successful. Table ITI 
(a, b) shows that arrested and lateral infections were not correlated between 
species). 

These results apply to averages for each combination of host and bacteria. 
Table III also includes the results of an analysis for individual plants of 
T. repens, T. fragiferum, and T. glomeratum. This shows that although the 
same trends occur within as between species, they do not reach a level of 
statistical significance except for the correlation between arrested threads and 
lateral origin (which was not significant between species). 

Since fewer infections occur on younger plants the data were next examined 
to determine whether arrested or lateral infections increase with seedling age. 

The results for two experiments summarized in 'Text-fig. 2 show that the 
proportion of lateral infections increases at first rapidly and then less rapidly 
as the seedling ages. On the other hand there was no indication in the same 
experiment that arrested growth was in any way related to seedling age; 
values of r: 0-219 (10 d.f.), and —o-433 (8 d.f.). 
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These relations are in striking contrast to those established between species 
with respect to increasing number of infections, and show that the incidence 
of arrested growth is an intrinsic property of host species and bacterial strain 
and is a function solely of density of infection. They also show that an 
increasing proportion of later infections tend to arise laterally. This no doubt 
again reflects the nuclear control of hair and thread growth, for apical in- 
fections can take place only during the relatively short time that the hairs are 
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TExtT-FIG. 2. The increase in the proportion of laterally infected hairs with age. T. fragiferum 
inoculated with strain CIF. 


growing in length. Later they are susceptible to lateral infection only. The 
extent of the root-hair zone susceptible to apical infection thus remains about 
constant (on an unbranched root) whereas that open to lateral infection is 
steadily increasing during the period under consideration, up to a limiting 
time determined by the onset of complete resistance to infection on the older 
parts of the root. There is clear indication of this limitation towards the end 
of the period shown in Text-fig. 2. 


CONCLUSIONS 


The foregoing descriptive analysis of variation in root-hair infection throws 
some light upon the mechanism of the original infection and nature of the 
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infection thread: this has already been discussed. It is also relevant to the 
physiology of the infective process as a whole. 

Four stages in the infection of the root may now be distinguished on the 
basis of morphology and behaviour. 

(1) Bacterial multiplication in the rhizosphere. This is a wholly unspecific 
host stimulation, and until the I.A.A. produced by the bacteria exceeds a 
minimal level it elicits no detectable reaction in the host. 

(2) Root-hair curling. The deformation of the root hair is the primary 
response of the host plant to nodule bacteria, viz. to their secretion of I.A.A. 
It is unspecific and localized to certain hairs or portions of hairs where exten- 
sion growth is taking place. It involves some kind of activation of the host 
nucleus which is present near the site of curling. The localization is thus host 
controlled; this is also shown by the non-random distribution of curled hairs 
along the root. 

(3) Infection thread initiation. 'This phase is distinguished sharply from the 
preceding one by its specificity and restriction to a proportion only of curled 
hairs. The same host factors may be responsible for the localization of stages 
2 and 3 since infected hairs occur more frequently in areas of maximum 
curling than can be expected by chance. Infection has been observed to take 
place in rare instances without gross curling of the root hair, showing that 
stage 3 is not dependent upon stage 2. Curling indeed may be wholly super- 
fluous to infection proper. Possibly only a very local sub-microscopic distur- 
bance in the growth of the hair wall is necessary for infection-thread initiation. 
Infection again depends upon the presence of an evidently active nucleus, 
although whether an entirely new nuclear interaction is involved is not 
apparent. No explanation can yet. be put forward for bacterial strain differ- 
ences in frequency of infection-thread initiation. These differences are quanti- 
tative and are clearly independent of the host (Table II and other unpublished 
results) so that it may be profitable to look for their cause in some fairly simple 
property of the bacteria such as slime production, motility, or adsorption on 
to the surface of the root. It is unlikely that difference in I.A.A. production 
is the cause since the strains of bacteria examined did not induce different 
amounts of curling. 

(4) The growth of the infection thread within the host. Although infection 
threads may be initiated at many points on the root their further development 
varies from hair to hair and from one part of the root to another. This variation 
is dependent upon the host rather than the bacteria within the thread and is 
again closely associated with host nuclear behaviour. It is influenced, as far as 
arrested growth of the thread is concerned by the abundance of infection on 
the root, which is largely host determined. Lateral siting is a function of seed- 
ling age and reflects the mode of growth of the root hair and the influence of 
the nucleus. 

The fate of infection threads which penetrate the cortex but do not give rise 
to nodules has yet to be examined. Abortion must occur within the cortex 
since only a small proportion of infections are successful. As soon as a successful 
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infection thread becomes associated with the primordial nodule the pro- 
gressive inhibition of thread development is finally removed and does not 
reappear for this particular thread although it continues to affect all others. 

Earlier studies on nodule formation have emphasized the connexions be- 
tween the physiology of nodule and root by showing that nodulation is 
restricted to the presumptive foci of meristematic activity (Nutman, 1958). 
This examination of the early stages of the infection of the root has shown 
that the controlling influence of the root extends back from the nodule initial 
to the earliest stage of the interaction between bacteria and plant. 

In future work an attempt will be made to analyse the pervasive influence 
of the host nucleus. It is not unlikely that nuclear response to I.A.A. is con- 
cerned in some way in this directive effect. A full discussion of the location 
of infection along the root, particularly its very evident zonation is beyond 
the scope of this paper and will also be considered in a later publication. 
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PLATE I 








All micrographs of fresh unstained material, bacterial strain CIF used as inoculum, unless otherwise stated. 

Fic. 1. Trifolium glomeratum: apically infected root hair; i, infection thread. 

Fic. 2. T. scabrum: infection thread arising in lateral outgrowth of root hair (by phase-contrast); n, root hair 
nucleus. 

Fic. 3. T. nigrescens: three infection threads arising in entwined lateral outgrowths of neighbouring hairs, two 
threads penetrating cortex, third unsuccessful; ti, tip of arrested infection thread. 

Figs, 4 & 5. T. fragiferum: lateral infections. In Fig. 5 the infection arises in a small lateral bud at base of hair. 
The branching thread can be traced through several cell layers of the cortex (strain Coryn). 

Fic. 6. T. repens: undeformed apically infected hair. 

Fic. 7. Vicia hirsuta: exceptional formation of concretions (c) in hairless epidermal cells of the root, possibly 
abortive infection threads (strain V1). 

Fics. 8 and 8a. Trepens: infection of a hairless cell of epidermis at a. Depth of focus below a, of points on 
surface of root and along infection thread, is given in p. 

Fic. o. T. glomeratum: undeformed apically infected hair. 

Fic. 10. T. fragiferum: abortive infection thread isolated by traverse wall across hair. 

Fic. 1:. T. scabrum: infection thread originating at surface of adhesion between root hairs. 
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PLATE II 


Fics. 12, 12a, and 12b. T. scabrum: successive stages at day intervals in slow growth of apically directed 
thread associated with host nucleus. 

Fic. 13. T. scabrum: arrested infection thread showing irregular proliferations near tip. 

Fic. 14. T. fragiferum: concretions in root hairs. 

Fic. 15. 7. fragiferum: early arrested infection threads. 

Fics. 16 and 17. T. fragiferum: plasmoptysis (Fig. 17, strain S.U. 297). 

Fic. 18. T. fragiferum: development of lateral branches of hairs associated with host-cell nuclei. 

Fic. 19. T. repens: abnormally thickened and tuberculated infection thread. 

Fics. 20, 20a, and 20b. T. repens: hair which became intracellularly infected after the formation of a normal 
infection thread. The invasion by the bacteria was limited by the formation of a cross-wall near the 
base of the hair. Fig. 20: appearance of hair on 9th and 11th day after germination of seedling; Figs. 
20a and 20) appearance of hair on 14th day. 

Fics. 21 and 22. 7. fragiferum: triply infected hairs. 

Fic. 23. T. scabrum: arborescent infection thread in apical section of hair. 
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Synthesis and Dissolution of Starch labelled with 
“Carbon in Tobacco Leaf Tissue 


H. K. PORTER, R. V. MARTIN, AND I. F. BIRD 


A.R.C. Unit of Plant Physiology, Imperial College of Science and Technology, London, S.W. 7 


SUMMARY 


Tobacco leaves, depleted of starch, were detached and allowed to assimilate 
equal amounts of *CO, and '*CO, in succession, and vice versa. Distribution of 
radioactivity in starch, and sugars was determined after assimilation and after 
disks cut from the leaves had been kept in darkness for times up to 40 hours. 
The amount and activity of the respiratory CO, was also determined. “C and *%C 
were incorporated in equal amounts into starch independently of the order in 
which they were supplied. In contrast sucrose had high activity when “C was 
given last, and hexose a low one. The reverse was true when 1*C was given last. 
Activity of respiratory CO, was slightly higher when ™C was assimilated last as 
compared with #C. In the dark only “*C or C was at first lost from starch, in 
accordance with the view that leaf starch grains are built up and degraded by 
apposition or removal of discrete layers. Analytical results show that starch is the 
main respiratory substrate and to account for the redistribution of radioactivity 
in passage to CO, it is concluded that sucrose occurs at two sites separated inter- 
or intra-cellularly, one of which is in equilibrium with the system interconverting 
starch and CO,, and at the other hexoses are produced by inversion. A starch-like 
polysaccharide is formed duzing assimilation which persists in the dark and there 
is a significant contribution to respiration of carbon from non-carbohydrate 
sources when leaf disks are kept in the dark. 


INTRODUCTION 


WHEN starch becomes radioactive as a result of assimilation of carbon dioxide 
labelled with C (14CO,) by a tobacco leaf already containing unlabelled 
starch, distribution of the radioactivity is not uniform throughout the grains. 
This is shown by the fact that the relative specific activity in counts per 
minute (r.s.a.) of starch falls with time when disks cut from the leaf are kept 
in the dark and the starch breaks down. Nevertheless even if the amount of 
14CO, assimilated is small in comparison with the amount of starch present 
the r.s.a. of the starch does not fall to zero. Samples of starch isolated after 
leaf disks have been in the dark for some hours, and then degraded with 
B-amylase, yield 50 per cent. of maltose with r.s.a. consistently a little lower 
than that of starch. Maltose produced by a-amylase action has the same r.s.a. 
as that produced by f8-amylase action. Results of one of a number of experi- 
ments illustrating these points are presented in Table I. Such observations, 
together with other evidence not presented here, lead to the conclusions that 
inhomogeneity of the labelling in starch is inter and not intra molecular, and 
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that there is a small amount of a ‘starch-like’ polysaccharide which becomes 
labelled during assimilation, but does not disappear in the dark. 


TABLE I 


Relative specific activity of starch of tobacco leaf disks, and of maltose 
derived from starch by «- or B-amylolysis 
Starch of a tobacco leaf was increased by 4 per cent. by assimilation of “CO,. Samples 


of leaf disks were then kept in the dark at 20° C. CO, output in 29 hours was equivalent 
to 20 per cent. of the starch initially present. 
Relative specific activity cpm./mg. 
Hoursin — aa 
darkness Starch Maltose (by amylolysis) 
B a 





4 2,687 2,581 2,517 

6 2,684 2,423 _— 

8 2,428 1,798 — 
22 758 558 55° 
29 886 678 — 
46 892 461 — 


The generally accepted view (see recent review by Badenhuizen, 1955 and 
Badenhuizen and Dutton, 1956) that starch grains are built up in layers would 
afford an explanation of the observed change in the r.s.a. of starch if it were 
supposed that an outer layer was formed on existing starch grains by newly 
assimilated 1*CO,, which, in the dark, was lost first. If this be the case and 
conversion to CO, is by way of the phosphate esters of glucose and fructose 
and glycolysis, without formation of free sugar, then the r.s.a. of the respira- 
tory CO, should reflect that of the starch layer from which it is derived. For 
example, if “CO, is assimilated immediately before cutting leaf disks the r.s.a. 
of the respiratory CO, should be high relative to that of starch as a whole. 
If free sugars are involved in the conversion, however, this need not be the 
case. An attempt has now been made to test these hypotheses by supplying 
destarched leaves with CO, followed by #CO,, and vice versa. Disks were 
then cut from the leaves and kept in the dark and the redistribution of radio- 
activity between starch, sugar, and the CO, evolved was determined. 


MATERIAL AND METHODS 


Tobacco plants were grown as in previous experiments (Porter and Martin, 
1952). Leaves between numbers 15 and 1g in order of emergence were used 
as they reached full expansion, as determined by length measurements. Plants 
were kept in the dark for 40 to 60 hours to deplete them of starch. The lamina 
was cut to an area of 175 sq. cm. using a metal template. The trimmed leaf 
was put into a perspex leaf chamber, 25 x 15 X 2 cm., 10 ml. of water intro- 
duced and the chamber closed with a perspex plug. Carbon dioxide was 
circulated over the leaf (Porter and Martin, 1952), which was illuminated by 
daylight and a HPMV lamp (Phillips Horticultural unit) at a minimum light 
intensity of g50 f.c. at the leaf surface. Carbon dioxide equivalent to 152 mg. 
of hexose was generated from 2 lots of o-5 g. BaCO, and circulation of gas 
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continued until all the carbon had been assimilated. The time required was 
4 to 6 hours. The leaf was removed from the chamber and 5 or 6 samples of 
15 disks, of 1 cm. diameter, were cut from the lamina. Each sample was placed 
on water as it was cut, and then transferred to a stoppered weighing bottle 
(5X 4 cm.) containing 1 ml. of water. The bottles were fitted with removable 
centre wells (1 cm. diameter X 1 cm.) containing o-2 ml. N. NaOH freed from 
carbonate. The whole process was duplicated omitting the leaf disks to enable 
appropriate allowance to be made for CO, absorbed during manipulation. 

The bottles were kept at constant temperature (20° C. or 25° C.) in the 
dark for periods up to 48 hours. The leaf disks were then transferred to 
boiling absolute ethanol. After 2 or 3 minutes the disks were placed in 
80 per cent. ethanol and boiled for a further 2 or 3 minutes; this process was 
repeated once more. 


Extraction of Sugars and Starch 


Sugars were separated from the ethanol extracts by paper chromatography 
as already described and their r.s.a.’s determined (Reynolds, Porter, and 
Martin, 1958). 

Starch was extracted from the dried ethanol insoluble material by the 
method of Hanes (1936) adapted to a micro scale. The dry material from 
15 disks was ground with o-1 to 0-2 g. of sand in a homogenizer made from 
a I'5 X 10 cm. test-tube. Five ml. of 95 per cent. ethanol were added followed 
by 1 drop of ro N. HCl. The contents of the tube were boiled under reflux 
for 12 min. and then centrifuged. The liquid was discarded and the 
pellet washed twice with ethanol to remove acid. Three ml. of water were 
added and the contents of the tube boiled by immersion in a glycerine bath, 
and again centrifuged. The liquid was removed with a pipette and the process 
repeated three times, adding 2 ml. of water, or until the solid material did 
not stain blue with iodine. The aqueous extracts were combined and made 
up to 10 ml. in a graduated centrifuge tube and centrifuged to remove any 
remaining particles. The final centrifugation was at 3,200 r.p.m. and the rest 
at 1,400 r.p.m. 

This extraction procedure removes salts and a small amount of cell material 
other than starch. The r.s.a. of the soluble starch was compared with that of 
starch grains washed out of portions of the same leaf. The measure of agree- 
ment is shown in Table IT. 


Estimation of CO, 


The centre wells were removed from the weighing bottles and placed in 
test-tubes (10 x 2 cm.) containing 1 ml. o-5 M. BaCl, and the tubes at once 
closed with ground glass stoppers. After standing for at least an hour the 


excess NaOH was titrated with N. HCl to the phenolphthalein end point, - 


using an Agla micrometer syringe as the burette. The respiratory CO, was 
estimated as the difference between these titrations and those of appropriate 
blanks. 
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TABLE II 
Relative specific activity of samples of tobacco leaf starch 


Preparation of sample Leaf I Leaf II 
cpm./mg. carbon x 107* 
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Starch grains washed from leaf and: 


(a) Weighed and counted . ‘ 10°0 -—~ 
(6) Dissolved in hot water. Estimated* Aliquot 

counted : , : ‘ 10°3 — 
(c) Solubilizedt and as in (b) : : ‘ ; 973 = 


Starch extracted from ethanol insoluble leaf material 
(see text, p. 266) 


(a) Estimated.* Aliquot counted . 10°3 8-3 
(b) Purified by iodine precipitation.{ Weighed and 

counted é = 8-2 
(c) As in (0), redissolved, estimated, and counted ; 9°7 8-6 
(d) (6) converted to CO, by persulphate ae 

Counted as BaCO,. : 9°6 -- 


* Estimated using anthrone. 

+ Solubilized with ethanol/HCl, see p. 266. 

t Putman, Hassid, Krotkov, and Barker (1948). 
§ Katz, Abraham, and Baker (1954). 


After removing the centre wells, the BaCO, was freed from BaCl, and NaCl 
by centrifugation and washing. The BaCO, was suspended in absolute ethanol 
and washed twice with absolute ethanol to remove water. About 1 mg. BaCO, 
suspended in ethanol was spread on plates for determination of radioactivity. 


Estimation of Radioactivity 


All counting was done at infinite thinness. 18 S.W.G. Duralumin plates, 
2 cm. diameter, were treated with 0-2 mi. of o-1 per cent. ‘teepol’ in ethanol 
and dried. Aliquots of the sugar or soluble starch solutions containing about 
100 yg. of material in 0-2 to 0-4 ml. were placed on the plates and dried in a 
current of warm air. Plates were placed 2 cm. from the end window of a G.M. 
tube. The size of the plates and distance from the end window were chosen 
so that variations in counts due to uneven spreading did not invalidate the 
results. 


Estimation of Starch by Anthrone 


A number of modifications of the anthrone (Morris, 1948) method has been 
described. The procedure used here is set out below. 

One ml. or more of water was placed in a tube (15 X 2 cm.) fitted with a 
ground-glass stopper. The tube was cooled in ice water and 5 ml. of go per 
cent. (w/v) nitrogen free sulphuric acid added slowly. When the tube was 
again ice cold 1 ml. or less of starch solution was added, so that the total 
aqueous volume was always 2 ml., and then o-5 ml. of a 2 per cent. solution 
of anthrone, recrystallized from benzene-petrol ether, in ethyl acetate (Analar) 
was added. The tubes were placed in rapidly boiling water for exactly 6 

5160.2 = 
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minutes and quickly cooled in running water. The tubes were introduced 
one by one so that the water did not cease boiling, and removed one by one. 
Absorption by the coloured solution was measured using an ‘EEL’ colori- 
meter, and Ilford filter no. 607 with maximum transmission 600 my. The 
amounts of starch were determined from a standard curve obtained from 
measurements on known quantities of pure tobacco leaf starch. 


Combustion of Leaf Tissue 


The method used was basically that of Van Slyke, Plazin, and Weisiger 
(1951). The combustion vessel was a rimless 100 ml. pyrex flask into the 
bottom of which was sealed excentrically, a glass cup. The top of the cup was 
concave so that it could be closed with a glass marble. A removable centre 
well, 1-0 X1°5 cm., fitted with a stirrup was placed inside the cup, using a 
wire hook. The sample, previously dried in vacuo, was placed in the flask, 
or if liquid dried in the flask. About o-5 g. K,Cr,O, was added followed by 
5 ml. of the liquid reagent (1-5 g. KIO, in a mixture of 50 ml. H,SO, and 
50 ml. H,PO,). Into the centre well was pipetted 0-5 ml. of 4 N. NaOH freed 
from carbonate. The marble was then placed so that it rested against the side 
of the flask and the rim of the cup. The flask was stoppered with a Simplex 
safety cork (Britton, Malcolm & Co. Ltd. London), and oxygen flushed 
through for about 1 min. using two hypodermic needles inserted in the cork. 
The centre well was closed by tipping the marble on to the cup, and the flask 
heated at 100° to 110° C. for 1-5 hours. Sealing the centre well was necessary 
to prevent undue drying of the contents and to protect the NaOH from acid 
spray and iodine vapour. The flask was cooled and allowed to stand overnight 
to ensure absorption of the CO,. The centre well was then transferred to a 
stoppered tube (10 x2 cm.) containing 3 ml. o-5 M. BaCl,. The CO, was 
determined as already described (p. 266). Standards containing 5 mg. carbon 
of cellulose or glucose were included with each batch of samples, so that 
correction could be made for incomplete oxidation or CO, absorption. Esti- 
mates of carbon in the standards ranged from 4:8 to 4-9 mg. The r.s.a. of 
the precipitated BaCO, was determined and total activity in the sample 
calculated from this value and the estimate of total carbon. 


Experimental Procedure 


CO, was supplied in two doses to detached starch free leaves, after trimming 
to an area of 175 sq. cm. Each dose was derived from o-5 g. BaCO, and when 
the CO, from the first o-5 g. had all been assimilated, the second 0-5 g. was 
at once introduced into the apparatus and the CO, released. The treatments 
were: 

1. 4CO, followed by CO,. 

2. CO, followed by CO,. 

3. CO, followed by CO,. 


Leaf disks were kept in the dark as described above. At each sampling 
time, centre wells were changed in all the bottles so that direct measurements 
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could be made of the CO, evolved during the intermediate periods and the 
total amount over the whole period obtained by addition. 


RESULTS 
Distribution of radioactivity in leaf lamina at the end of the assimilation period 


Total radioactivity in the leaf lamina was determined as the sum of the 
activities in the ethanol insoluble and soluble fractions of samples of leaf disks, 
cut immediately after an assimilation period of 4 to 6 hours. Results of two 
sets of determinations are shown in Table III. The total activity in these 
samples amounted to go per cent. of the maximum possible, based on the 
calculated amount of carbon assimilated per unit leaf area. When a detached 
tobacco leaf assimilated CO, therefore only about ro per cent. of the assimilate 
migrated to the large veins and mid-rib, which were not included in the leaf- 
disk samples. In recent unpublished experiments with attached leaves only 
50 per cent. of the assimilate was found in the lamina after a period of 2 to 
3 hours in light. 

Taste III 
Distribution of radioactivity in tobacco leaf lamina after assimilation of 
equal amounts of **CO, and '*CO, by a detached leaf 


Assimilation area 175 sq. cm. Sample 15 cm. disks, 6°7 per cent. of total area. Calculated 
activity assimilated by 15 disks. 104 x 10° c.p.m. 


Activity as c.p.m. X 107% in 





Ethanol Ethanol Not accounted 

insoluble soluble for as starch 

material Starch material Sugar Total and sugar 
10/3/58 57°8 43°1 29°0 26°9 86°8 16°8 
18/8/58 69°8 37°3 28°5 20°5 98-4 39°0 
Mean 63°8 40°2 28-7 23°7 92°6 27°9 


In the detached leaf tissue 70 per cent. of the activity was in the ethanol 
insoluble fraction and 30 per cent. in the soluble. Starch accounted for 65 per 
cent. of the activity of the insoluble fraction and sugar for over 80 per cent. 
of that of the soluble fraction. The substances other than starch which became 
radioactive have not yet been characterized, but it is known that most of this 
activity became irreversibly incorporated and remained when the leaves were 
completely withered (Jones, Martin, & Porter, 1959). 


Ratios of the activities of carbon dioxide assimilated, to starck and carbon dioxide 

respired 

The ratios of the activities of assimilated CO,, starch formed and CO, 
respired during 24 hours in the dark following the assimilation are shown in 
Table IV. Starch had 80 per cent. of the activity of the CO, supplied. In these 
experiments leaves were depleted of starch, as indicated by tests with iodine; 
nonetheless there was a 20 per cent. dilution with inactive carbon during 
starch formation. The order in which the CO, and CO, were given did 
not affect the ratio, so that equal proportions of the assimilate must have 
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contributed to starch throughout the whole assimilation period. Taking into 
account the dilution with carbon other than that assimilated as CO,, #C and 
14C should be present in starch in the ratio 3/2. 


Tas_e IV 
Ratios of relative specific activities of starch and respiratory carbon dioxide 
to assimilated carbon dioxide in tobacco leaf tissue 


Equal amounts of CO, and CO, assimilated by 175 sq. cm. of leaf. Samples of 15 
leaf disks placed in dark for 24 hours at 20° C. and total respiratory CO, estimated. 


Ratios of activities 





Type of Starch formed CO, respired CO, respired 





CO, assimilated CO, assimilated Starch CO, assimilated 
Means of 5 
4CO,+*CO,* 0-78 o-7I o°55 
4CO,+”CO,t 080 0°57 0°43 
2CO,+*CO,t 0-77 0-82 0-62 


* Total activity divided between two equal doses of 11 mg. CO,. 
+ Total activity supplied in one dose of 11 mg. CO . 

The r.s.a. of the CO, of respiration calculated from the output in 24 hours 
was 71 per cent. of that of the starch, when only CO, had previously been 
assimilated, so that there was a further dilution with other carbon from the 
leaf during passage from starch to CO,. Only 55 per cent. of the carbon in 
the respired CO, therefore derived directly from that assimilated immediately 
before cutting the leaf disks. When CO, was assimilated first, the ratio of 
the r.s.a. of starch to that of respired CO, fell to 57 per cent. and when given 
last the ratio rose to 82 per cent. There is therefore some evidence here that 
the later assimilated carbon, made a greater contribution to the respiratory 
carbon than the earlier. 


Ratios of the activities of sucrose and hexose to starch after assimilation of *CO, 
and ®CO, 


With assimilation times as long as 4 to 6 hours the r.s.a.’s of starch and the 
sugars immediately after the assimilation period were equal when only CO, 
was supplied and the sugars showed the same dilution relative to the “CO, 
as the starch. In contrast to the starch, however, activities of sucrose and 
hexose varied with the order in which "C and “C were given, when both 
types were assimilated. The ratios of the activities of the sugars to that of 
starch are shown in Table V. Sucrose had a low activity and hexose a high 
one when CO, was assimilated first and vice versa. 


TABLE V 


Relative specific activities of starch, sucrose, and hexose in tobacco leaf tissue 
after assimilation of *CO, and **CO, in succession (r.s.a. of starch taken as 100) 


CO, supplied Starch Sucrose Hexose 
Means of 3 
4CO,+#CO, 100 42 126 


2CO,+*CO, 100 148 70 
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Changes in starch and sugar in leaf disks in the dark 


The CO, evolved by leaf disks in the dark and the concomitant changes in 
starch and sugar content are shown in Fig. 1 for one experiment. The points 
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Fic. 1. Losses of starch and sugar and evolution of carbon dioxide by tobacco leaf disks. 
15 1-cm. disks kept at 20° C. in the dark for 40 hours after assimilation of 1:26 mg. CO, 


per sq. cm. leaf lamina. 


CO, was assimilated first. Rate of CO, evolution was constant for 24 hours 
and then fell a little up to 40 hours. Rate of starch loss declined sharply after 
24 hours. There was a rapid loss of sugar at the outset, and subsequently little 


change 


in amount. In similar experiments in which analyses of the disks were 


made after 4 or 6 hours in the dark, there was often a lag in the onset of 
starch breakdown for about 4 hours, and the rapid sugar loss was complete 



















272 Porter, Martin, and Bird—Synthesis and Dissolution of 


in this time. The lines in the graphs of Fig. 1 have been drawn to indicate 
these observations. After cutting the leaf disks and placing them in darkness 
at 20° C, there was therefore an adjustment of the sugar level, accompanied 
by little or no loss of starch. As a consequence for the first 4 hours or so sugar 
supplied the respiratory substrate and for the ensuing 20 hours, starch, or if 
sugar contributes at this time it must be continually replaced. The CO, output 
in 24 hours was equivalent to 70 per cent. of the starch and sugar lost. Most 
of the excess loss of carbohydrate is accounted for by the large fall in sugar 
content at the start. The products of sugar dissolution other than CO, are at 
present unknown. Between the 24th and 40th hour CO, output tends to 
exceed carbohydrate loss, although in the experiment recorded in Fig. 1 only 
about half the starch had disappeared in the first 24 hours. The fall in rate 
of starch loss was thus largely independent of the respiration. In other experi- 
ments the details of these inter-relationships varied somewhat with the tem- 
perature at which the leaf disks were kept and the initial sugar content of the 
disks, but without exception carbohydrate loss after about 24 hours fell to 
rather low levels, while respiration continued for many more hours with little 
change in rate. It is concluded that the rates of starch and sugar dissolution 
in this detached leaf tissue are not controlled by respiratory demands. 


Changes in relative specific activity with time of starch and sugars in leaf disks 
in the dark 
At the outset of the dark period the r.s.a. of starch was the same in all 


TABLE VI 


Changes in starch and sugar content, carbon dioxide output, and relative specific 
activities of tobacco leaf disks in darkness after assimilation in turn of *CO, 
and ®CO, . 
Plants in darkness 48 hours. Starch-free leaf detached and supplied with equal amounts 
of *CO, and CO, or vice versa in succession. Disks cut from leaves and kept in the 
dark at 20° C. Activity per mg. carbon of CO, 51-2 x 10° c.p.m. Activity of starch 
per mg. carbon (mean of 5) 17°4 X 10° c.p.m. 


Hours Starch Sucrose Hexose Carbon dioxide 
in (as hexose) (as hexose) (as hexose) 
dark 14° 1af 14 12 14 12 14 12 
mg./15 disks 
° 5°28 5°78 1°46 615 1°67 =-1°85 
16 4°22 4°94 0°73 «(066 1°57 1°46 1°53. 1°25 
24 3°59 3°67 O57 0°53 1°74 «61°52 216 1°79 
32 3°42 3°53 070 «6060 1°42 1°38 2°69 2°26 
40 3°22 83°03 065 0°45 1°37 1°28 3°25 2°74 
r.s.a. % of initial starch value 
° 100 100 58 173 155 76 
16 126 72 85 183 125 140 81 93 
24 132 72 89 162 120 86132 62 118 
32 130 68 89 158 IIQg 142 60 120 
40 126 72 123 171 III 169 70° 100 


* 4CO, given first followed by CO,. 
t 2CO, ” ” ” 4CO,. 
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samples of leaf disks, but that of sugars depended on the order in which '*C 
and !*C had been previously assimilated (see Table V). The data for one of 
the experiments is presented in Table VI. The r.s.a. of the starch in one case 
rose and in the other fell, in the direction consistent with the view that a 
higher proportion of the later assimilated carbon was being lost from starch 
first. The sucrose also tended to increase or decrease in activity in the direction 
expected if it was receiving carbon from starch in which the outer layers 
reflected the activity of the last assimilate. Hexose changes are consistent with 
formation from sucrose by inversion, and by the end of 40 hours the activity 
in the sugars was more or less equilibrated. Activity of the evolved CO, did 
not show a definite trend with time, but the mean activity was lower when 
4C had been assimilated first than when C was given first, a result again 
in accordance with the loss from starch of a higher proportion of the last 
assimilated carbon. 


DISCUSSION 


The steps in the synthesis and degradation of starch in green tissue cur- 
rently presented may be summarized by the reversible sequence 
photosynthetic cycle 


co, = > Fructose-1: 6-diphosphate = Fructose-6-phosphate 
respiratory cycle 








= Glucose-6-phosphate = Glucose-1-phosphate = Starch 


If it is accepted that starch grains are built up and degraded by apposition 
or removal of discrete layers, then if equal amounts of CO, and 14CO, are 
assimilated in succession the grains should contain solely one or other type 
of carbon at the centre or periphery according to the order of assimilation. 
Moreover subsequent degradation of starch in the dark should yield only 
2CO, or CO, until half the starch is lost. At the same time the r.s.a. of the 
remaining starch should approach either zero or double the initial value. This 
will be the case if the above scheme correctly represents the interme liate steps, 
and the system is such that a fixed number of grains grow or diminish at 
equal rates. 

Equal amounts of carbon from each source were incorporated into starch 
during assimilation (p. 269) and the carbon lost from starch in the dark was 
at first derived only from the type supplied last. In the experiment recorded 
in Table VI, which is only one of several giving concordant results, 20 per 
cent. of the starch was lost during the first 16 hours. When #C had been 
assimilated last, the total activity of starch remained unaltered during this 
time, but when “C had been assimilated last the r.s.a. of carbon lost from 
starch was double that of starch initially. As a result the r.s.a. of the starch 
remaining, rose in the first case and fell in the second. The behaviour of starch 
is to this extent in agreement with the hypothesis. 

However, during the ensuing 24 hours (16 to 40) when another 20 per cent. 
of starch was lost there was little further change in r.s.a., and the values 


274 Porter, Martin, and Bird—Synthesis and Dissolution of 


certainly did not approach the limits postulated above. Precise interpreta- 
tion of this later phase is complicated by the presence of the ‘starch- 
like’ polysaccharide which persists in the dark and is radioactive (Table I). 
Nevertheless as a little less than half the starch was degraded at the end of 40 
hours it seems likely that only about the last 20 to 30 per cent. of the carbon 
added to starch was exclusively of one type, and that some intermingling 
of #2C and 4C occurred in passage to starch during formation of inner 
layers. 

One of the striking features of the whole series of experiments was an 
unexpectedly small effect of the order in which CO, and !CO, were assimi- 
lated, on the r.s.a. of respiratory CO,. The amount of CO, lost in respiration 
in 40 hours was equivalent to approximately half the starch previously formed 
in photosynthesis, and as stated above carbon lost from starch at first was 
solely either #C or *C. During this time the r.s.a. of the respiratory CO, 
should differ widely, in the two cases, if it is derived directly from starch. 
In fact there was always a higher proportion of carbon from that last assimi- 
lated but only in the ratio 3/2 and there was little change of activity with time. 
Some modification of the scheme is thus necessary to accommodate the results 
in relation to respiration as well to assimilation. 

The intervention of free sugar, sucrose, or hexose, in the pathway of starch 
synthesis and degradation has long been inferred from many observations 
showing an interrelation between changes in starch and sucrose in plants. 
Sucrose, synthesized by diversion of fructose-6-phosphate and glucose-1- 
phosphate, and formation of uridinediphosphate-glucose and sucrose-phos- 
phaie, might well be in equilibrium with the intermediates in starch synthesis. 
Carbon dioxide, starch, and free sucrose would then be products of the 
operation of a cycle of phosphate ester intermediates. If this were the case, 
during photosynthesis, when the carbon source was changed from 12C to 4C 
or vice versa, free sucrose would become gradually enriched with or depleted 
of 14C, and the outer layers of starch in equilibrium with it would show a 
gradient of increasing or decreasing activity and not a sharp division between 
high activity and none. Whether the outside layers contained only one or 
other type would depend on the amount of free sucrose present and the rate 
of starch formation. In the case shown in Table VI, after photosynthesis 
(Time 0), sucrose contained carbon in the ratio of 3/1 in favour of the type 
last assimilated, which might be regarded as evidence that it is concurrently 
produced and removed. Jones, Martin, and Porter (1959) have shown that 
this is so in attached tobacco leaves in light, where sucrose was replaced, 
without change in amount, in 24 hours. The turnover was attributed to 
translocation removing sucrose, but as well there could have been passage to 
starch. 65 per cent. more carbohydrate was formed in light in detached than 
in attached leaves. The additional material was in the proportions, starch: 
sucrose: hexose: of 3:1:2°6. This distribution again suggests that sucrose 
intervenes in starch synthesis, and is also the source of hexose. However, 
if the outer layers of starch grains had the same r.s.a. as sucrose at the time 
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the leaf disks were placed in the dark, both #%C and 'C should be lost at 
first which as already noted was not the case. In addition, judging from the 
radioactivity of sucrose at time o (Table VI) it does not appear to be the 
direct respiratory substrate because the two widely different values for the 
r.s.a. of sucrose are not repeated in the r.s.a. of the evolved CO,. 

On the other hand there is ample evidence that starch and sugar metabolism 
are inter-related. For example when leaf disks of tobacco containing radio- 
active starch were kept at 2° C. in darkness the activity of sucrose and hexoses 
increased. Moreover in hexose, which accumulated in greater amount than 
sucrose, fructose and glucose were equal both in amount and r.s.a. Free 
hexose was thus produced by inversion of sucrose, itself the product of starch 
degradation. Again the analytical results (Fig. 1) make it clear that from the 
4th to the 24th hour starch was the principal respiratory substrate. It must 
be concluded that the immediate products of degradation pass through a 
‘pool’ of carbon, but since over 80 per cent. of the radioactivity in the ethanol 
soluble material of leaf disks was in sugar (Table III), the passage to CO, 
must be through sugar and probably sucrose. 

If the chemical steps of the scheme (p. 273) are correct the difficulty can 
be resolved by making the additional assumption that only part of the sucrose 
is in equilibrium with the starch intermediates. In other words it is supposed 
that there are two sites separated either intra- or inter-cellularly, at one of 
which sucrose can interchange with starch and at the other with hexose. The 
equilibration with hexose is a relatively slow process as may be seen in Table 
VI, where the r.s.a.’s of sucrose and hexose, at first widely different, slowly 
approach a common value with little change in amount after the first large 
fall. The large loss of sugar at first in the dark (Fig. 1) might also be inter- 
preted in terms of two sites of sugar accumulation, in one of which sugar is 
maintained at a much higher level in light than dark. There is some uncer- 
tainty here, however, as the loss of sugar during this short period is much 
greater than is required to account for the respiration, and at present it is not 
known what the other products are. 

The possibility that numbers, size, and position of starch grains might affect 
the mean distribution of activity as determined by measurements on extracted 
sugar and starch can only be a matter for speculation at present. Nothing is 
known of the factors which control such variations. The observation that only 
12C or only !4C was lost from starch over a period of hours is consistent with 
the hypothesis that all the grains increase in size simultaneously, but could also 
be explained if new grains were formed frequently. Some would then contain 
only the last supplied carbon, and if these were preferentially degraded the 
change in mean r.s.a. of starch would not distinguish between the two 
possibilities. 

It is concluded that certainly during respiration and probably during 
assimilation there is equilibration between part of the free sucrose present 
with the intermediates in starch synthesis and dissolution. Accepting this 
additional premise the results can be interpreted in terms of the scheme set 
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out, including in it sucrose synthesis from phosphate esters and the building 
up of starch in layers. 

There remains to be investigated the way in which the assimilated carbon 
becomes diluted with non-carbohydrate carbon (Table IV) in the leaf tissue 
and the nature of the ‘starch-like’ polysaccharide (Table I). 

We are indebted to Mr. F. Smith for making the leaf chambers, to Mr. R. 
Truman for care of the plants, and to Dr. J. Edelman and Dr. G. A. 
Maclachlan for helpful discussions. 
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Some Morphological Responses of Cereal 
Seedlings to Vernalisation 


O. N. PURVIS AND E. S. J. HATCHER 


Research Institute of Plant Physiology, Imperial College of Science and Technology, London, S.W.7 


SUMMARY 


Statements in the literature that vernalisation treatments modify the growth 
of cereal seedlings are confirmed; in particular the coleoptile and early leaves are 
shortened and hair development on the leaf sheaths is suppressed. While there is 
a definite relationship between the degree of these responses and the duration of 
low-temperature treatment, this is not a reliable measure of flower induction, 
and there is no evidence that they are conditioned by the same process. Devernali- 
sation by heat accentuates rather than reverses the morphological responses; 
moreover, in spring rye early flowering is inherent, though the morphological 
responses approach those of unvernalised winter grain. 


INTRODUCTION 


ALTHOUGH vernalisation in the cereal is completed within the grain, its 
evaluation is necessarily delayed until flowers are initiated since at present no 
satisfactory criterion for the vernalisation status of the germinating grain itself 
is known. Apart from loss of time, this has the disadvantage that the vernalisa- 
tion effects so established may be modified by the factors of the after-environ- 
ment in a differential manner according to the time required to flower (Purvis, 
1948). To obviate this delay and uncertainty, biochemical tests have been 
devised to detect the vernalised condition in the seedling (Richter, 1934; 
Bassarskaya, 1936), but these fail to give the quantitative information required. 
Other workers have recorded morphological modifications, notably accelerated 
leaf emergence, and reduction in the final length of the coleoptile and early 
leaves. Thus Sereiskij and Sludskaya (1937) showed that in winter wheat seed- 
lings the rate at which successive leaves appeared was increased by vernalisation, 
and they were able to forecast their flowering behaviour with some precision. 
Each leaf, furthermore, matured earlier though, except in the first leaf, no 
reduction in size accompanied the acceleration. In spring varieties this response 
to low temperature was much less and, in early flowering types, entirely absent. 
These workers also noted a parallelism between the accelerated growth and 
the activation of endosperm auxin, without, however, asserting a causal 
relationship. Konovalov (1944) confirmed these observations on wheat, and 
Denffer (1939) observed similar accelerated growth of the first two leaves of 
partially vernalised barley accompanied by progressive shortening of each 
leaf as the period of vernalisation lengthened. 
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Reduction in leaf size was first observed by Thimann and Lane (1938), who 
related it to a reduction in the auxin content of the seedling, and by Cajhlach- 
jan and Zdanova (1938), who recorded in addition considerable progressive 
shortening of the coleoptile as the duration of the vernalisation treatment 
increased. They, again, attribute the change to depletion of auxin, but dis- 
sociate the phenomenon from the inductive reaction because they found that 
in spring types also, without any change of flowering behaviour, low tempera- 
ture treatment resulted in the shortening of the coleoptile and early leaves. 

Two questions arise from these observations. First, are the changes which 
lead to reduction in organ size closely linked with the reactions which acceler- 
ate flowering, or are they independent direct effects of low temperature? 
Second, if they are indeed related to the vernalisation reaction, can they be 
used to obtain an immediate evaluation of its progress? 

Hansel (1953) indeed produced evidence of a linkage between reduction in 
leaf size and accelerated flowering in rye when he found that the reduced 
response to vernalisation at temperatures below 0° C. was accompanied by a 
partial annulment of the shortening of the first and second laminae. 

If these morphological changes are valid criteria of the vernalisation status 
of seedlings, the coleoptile or leaf length should vary with the duration of 
treatment in a consistent way. Further, they should be correlated with the 
flowering response, despite the fact that this is to some degree modified by 
the environment after planting. In the series of papers ‘Studies in the Vernali- 
sation of Cereals I-XIII’ published in the Annals of Botany between 1937 and 
1955, Gregory and Purvis have made intensive study of the process of vernali- 
sation, and from 1940 to 1943 the relationship between the duration of 
vernalisation and the flowering response received particular attention (Purvis, 
1948). In several of the experiments described the early leaves were measured, 
and these results, supplemented by several specially devised experiments, are 
presented here. The main points of study were (1) the response to low tem- 
perature of spring and winter varieties, (2) the relation of leaf size to duration 
of vernalisation and to the temperature level during the treatment and (3) the 
effect of nutrition, of light, and of the ambient temperature on leaf growth, 
and the possible interference from these factors. As the procedure varied 
in the different experiments, no general description of methods is given. 


DIRECT EFFECTS OF VERNALISATION ON SEEDLING MORPHOLOGY 


Length of coleoptile and of the first three leaves in winter and spring Petkus 
rye. In 1940 it was noticed that early leaves of spring rye were appreciably 
longer than those of vernalised winter rye, although their flowering responses 
were alike. To distinguish between varietal and treatment effects, in the 


following year both winter and spring types of Petkus rye were vernalised in | 


moist sand at 1° C. for 58 days. Controls of both varieties were also germinated 
at room temperature for 4 days, and at this stage the seedlings of the four 
variants were approximately equal in size. They were then planted in soil in 
5-inch pots each of which contained one seedling of each variant. The possible 
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interaction of light was also considered; to this end half the pots were kept in 
natural long days and half in darkness. Measurements were made of (1) the 
final coleoptile length, measured immediately after penetration by the first 
leaf and before shrinkage began, (2) the sheath and lamina of the first 
leaf, and (3) the laminae only of the later leaves. Results are given in 
Table I. 

A significant reduction in length foilowed vernalisation whether the plants 
were grown in light or in darkness. This clearly provides a readily available 
criterion for complete vernalisation: its value as a quantitative measure of 
varying degrees of vernalisation will be examined later. This behaviour of the 
coleoptile is of some practical importance. The first leaf is insensitive to 
gravity and is guided to the surface by the coleoptile, which also affords 
mechanical protection. In the field, deep sowing (i.e. more than 1 cm.) of 
vernalised grain has been found to lead to-losses due to failure of early leaves 
to reach the surface; investigation then revealed long etiolated leaves which had 
penetrated the shortened coleoptile underground, and were growing in a 
horizontal coil beneath the soil surface. This may account for the occasional 
failure of vernalised crops in the field. 

In winter rye, both in light and in darkness, the first leaf sheath was signifi- 
cantly shortened by vernalisation treatment. In spring rye the reduction in 
length was significant only in etiolated plants; the unvernalised sheaths were 
much reduced by light, and low temperature failed to increase the shortening. 
The effect of light in both varieties was greater than that of low temperature. 

In winter rye the blades of all leaves up to the fourth were significantly 
shortened by low temperature. The magnitude of the difference increased 
somewhat in successive leaves, while the percentage reduction diminished 
with increasing size. In spring rye the effects of low temperature were smaller, 
and in the third and fourth leaves failed to attain significance. The effect of 
light was entirely limited to the leaf sheaths. The length of the blade would 
therefore be preferred as a measure of vernalisation because of its freedoms 
from interference by variations in light. 

These results leave no doubt that leaves of spring rye are significantly 
affected by low temperature treatment. They are confirmed by Hansel (19534, 
Table VII) for spring and winter varieties of wheat, rye, and barley. 

The effect of vernalisation on the development of hairs on leaf sheaths of rye. 
In the experiment described it was noted that the hairs which characterize the 
early leaf sheaths were absent from vernalised seedlings. They were less 
frequent in untreated spring rye and here also they had disappeared after 
vernalisation treatment. This appears to provide an additional effect of low 
temperature which could serve as a criterion. Sections revealed that even in the 
glabrous condition induced by low temperature many epidermal cells possess 


short emergences, but in the normal unvernalised seedlings a small proportion - 


of these extend to a length of about 1 mm. These long hairs, which are plenti- 
ful only on early leaves, were more frequent on the edges of the sheath, 
persisting here when partial vernalisation had occasioned their disappearance 
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from other parts of the sheath. The hairs are easily seen against the light, and 
a macroscopic examination suffices to assess the degree of hairiness. 

Leaf shortening and hair development in relation to duration of treatment. In 
1941 the relationship between these responses in the seedling and the duration 
of vernalisation treatment was examined. For convenience in observing hair 
development 20 grains were sown separately in specimen tubes each week, 
and kept at 1° C. until 10 December. Series were thus available which had 
been vernalised for 1, 2, 3, or 4 weeks. A control series was sown at room 
temperature on g December. All were then kept at room temperature until 
the first three leaves were mature and during this period small amounts of 
mineral nutrients were added. The results of this experiment appear in 
Table II. 

TaBLe IT 
Effect on winter rye of vernalisation for different periods on the lengths of the 
coleoptile and Ist leaf (cm.), and on the retention of hairs on the rst leaf sheath. 
Number of replicates 19 


Weeks vernalisation ° I 2 3 4 
Coleoptile 29+0°10 2:3+0°09 2:5+0°09 2°4+0°09 2°1+0°07 
Sheath of 1st leaf 361014 3ZO+010 3°3+014 31I+010 3°0+0°04 
Blade of 1st leaf 72t022 641023 6:21+020 5§5+017 5:3+0'18 
Number of plants with 14 10 II I ° 


hairs on edge and back 
of 1st leaf sheath 


The coleoptile and first leaf sheath were significantly shortened by all the 
vernalisation treatments, but the reduction had no precise relationship with the 
length of treatment. The first lamina, however, was progressively shortened 
as the duration of treatment increased. Hair production, measured as the 
number of sheaths in each variant with hairs on both edge and back, dimin- 
ished in proportion to the duration. No flowering data were obtained so the 
relationship with the normal duration curve cannot be deduced. 

In 1941 and 1942 rye plants were grown in sand culture after vernalisation 
for different periods. Treatment of intact grains was carried out in sand with 
unrestricted moisture and, in addition, embryos, deprived of endosperm 
(excised) were exposed to low temperature while on 2gar slopes containing 
minerals and sucrose (Purvis, 1944). The early leaves were measured and in 
1942 observations on hair development were also made. Results appear in Figs. 1 
and 2 together with flowering responses (expressed as ‘scores’ indicating pro- 
gress to flowering) from an earlier paper (Purvis, 1948, Table I). In these 
figures both leaf shortening and diminution of hair production are shown as 
positive quantities in order to demonstrate any parallelism with the flowering 
‘scores’. 

Excision notably shortened the leaves despite the adequate sugar-supply ; 
apparently for maximal leaf growth some constituent of the endosperm is 
requisite. In 1941 vernalisation again reduced the length of the first leaf in 
plants grown either from whole grain or excised embryos. In the former, 
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Fic. 1. Effect of duration of vernalisation upon length of rst leaf blade and upon ‘score’ of 
plants grown from whole grain (left) and from excised embryos (right) in 1941 experiment. 
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Fic. 2. Effect of duration of vernalisation upon length of rst leaf blade, hair development, 
and upon ‘score’ of plants grown from whole grain (left) and from excised embryos (right) 
in 1942 experiment. 

A——A length of rst leaf blade (cm.). 

a--—@ percentage of plants with strong hair development on sheath of 1st leaf. 
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more than half the shortening was initiated in the first 2 weeks of treatment 
during which, apparently, the vernalisation reaction was ineffective. After 
excision, shortening was completed in 2 weeks but progress to flowering 
lagged behind that of intact grain, and no effect was apparent unless vernalisa- 
tion was prolonged beyond 4 weeks. In 1942 leaf reduction of embryos was 
conditioned entirely in the first week, whereas in intact grain the process was 
proportional to the duration of treatment. 

The quantitative relationship between flowering and shortening remains ob- 
scure. With whole grain in one year both responses progressed with the dura- 
tion of vernalisation but in the other no very clear relationship emerged. In each 
year the flowering response of embryos lagged behind during the time in which 
‘shortening’ was completed, and both maximal shortening and ‘score’ were 
less. Thus in the absence of endosperm the processes may be competitive, 
so that while the reactions restricting leaf growths are in progress vernalisation 
is inhibited. It may be significant that in 1941 when the flowering reactions 
appeared to begin more slowly, more leaf shortening was effected in this 
period than later. 

The observations on hairiness in 1942 (see Fig. 2) showed that the reduction 
in hair development required at least 2 weeks’ vernalisation in whole grain as 
well as in excised embryos. 

The effect of excision on leaf growth and flowering suggested a further 
investigation with limited food-supply. In 1943 winter and spring rye were 
vernalised for 4 or 8 weeks before planting, or sown without low temperature 
treatment. In half the number of grains treated, the food-supply to the 
embryo was reduced by cutting off the major part of the endosperm. The 
small amount of residual endosperm enabled the embryo to produce a green 
leaf, and thus the tedious process of excision and culturing on sucrose agar 
was avoided. 

It may be seen in Fig. 3 that the characteristic effects of excision were not 
entirely eliminated by the presence of a small portion of reserve tissue; the 
leaves were shorter than in the plants from whole grain, and the ‘lag period’ 
in flowering response typical of excised embryos was to some extent apparent. 
In spring rye the effect of reduced food-supply on leaf length was the same 
as in winter rye; while flowering was slightly retarded to a degree comparable 
with fully excised embryos, a retardation which low temperature did not 
reverse. Although, except in detached spring rye, coleoptile length was not 
reduced by low temperature, the first two leaves were shortened to a degree 
that was statistically significant. The rate at which this shortening was deter- 
mined in the grain during treatment was approximately linear, again excepting 
the detached embryo portions of spring rye. Hair development on the first 
leaf sheath was less in the absence of endosperm, and was completely elimi- 
nated by 4 weeks at low temperature in all series except the intact winter rye. 

This experiment therefore confirms that spring rye is subject to the same 
progressive modifications as winter rye when exposed to low temperature. In 
winter rye their rate of increase parallels to some extent the flowering response, 
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Fic. 3. Effect of duration of vernalisation upon length of coleoptile, leaf blades, hair develop- 
ment, and upon flowering response of plants from whole grain (left) and from detached 


(right) of (a) winter rye (above) and (5) spring rye (below) in 1943 experiment. 
length of coleoptile (cm.). 
length of 1st leaf blade (cm.). 
length of 2nd leaf blade (cm.). ; 
percentage of plants with strong hair development on sheath of rst leaf. 
days to anthesis in excess of 60. 
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but they fail to reveal the ‘lag period’ when excised embryos are vernalised. 
In spring rye detachment of the embryo in fact results in an intensification of 
the low temperature effect, for even the coleoptile was influenced and the full 
shortening effect on the early leaves was obtained with only 4 weeks’ treat- 
ment. 

The effect of sucrose on leaf length of excised embryos, vernalised for 6 
weeks. In 1940 an experiment was designed to determine the critical con- 
centration of sucrose required by excised embryos in order to respond to 
vernalisation for 6 weeks (Purvis, 1947, Table VII). In order to eliminate 
residual carbohydrates from the embryos they were kept for four days at room 
temperature on a sugar-free medium, before being vernalised on media con- 
taining sucrose at concentrations ranging from nil to 2 per cent. (Table III). 


TABLE IIT 


Effect of concentration of sucrose in the medium upon the length of the rst leaf of 
excised embryos vernalised for 6 weeks, and upon the ‘score’ 


Percentage Nil 0°005 ool 0°05 or o's 20 
sucrose 

Length of 1st 1°5+0°32 1°4+0°13 1°1+0°16 O8+0°154 1°34017 2°44+018 2°7+021 
leaf blade 


‘Score’ 21t+27 241447 19438 36477 221+7°3 50+58 5316-7 


Reduction of sucrose concentration from 2 per cent. to 0-05 per cent. led 
to shortening of the first leaf blade, but further reduction to ‘nil’ sugar was 
without effect. Thus, the check to vernalisation shown in the flowering ‘score’ 
resulting from lack of sugar did not prevent shortening as did the use of sub- 
optimal temperatures in Hansel’s experiment (Hansel, 1953). This, of course, 
does not necessarily dissociate leaf shortening and vernalization, for lack of 
sucrose, by directly reducing leaf length, might mask any potential increase 
in length associated with inhibited vernalisation. 

The effect of temperature during growth on the length of leaves of rye. Winter 
rye, vernalised for 7 weeks, was sown in pots at two temperatures; series A 
was kept in a greenhouse at approximately 20-25° C., and series B in the open, 
at about 15-20° C. After 4 weeks, the two series were changed over; thus, 
series A received 4 weeks at the higher temperature followed by cooler con- 
ditions, while series B received 4 weeks at the lower temperature followed by 
warmth. These temperature treatments had little effect on flowering beha- 
viour: the mean final leaf number was 8-5 in both. 

It is known that leaves are produced at the approximate rate of one per week, 
about four having been initiated during ripening of the grain in the ear. 
Therefore, leaves 1 to 4 experienced vernalisation as definite primordia, and 
expanded under the conditions obtained during the first 4 weeks of the 
experiment. Leaves 5 to 8, however, were initiated during these 4 weeks, and 
expanded under the conditions imposed after the exchange. The mean lengths 
of the successive leaves in the two series are shown in Fig. 4 with the addition 
of those of the unvernalised controls growing at the lower temperature 
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throughout. Since one leaf is formed each week, the abscissae represent weeks 
after planting and also identify the successive leaves. 

In series A high temperature immediately after planting resulted in a 
marked extension of the leaves, so that the shortening effect of vernalisation 
was eliminated in evezy leaf but the first; the fourth leaf being about 50 per 
cent. longer than the corresponding leaf of the unvernalised controls. The 
fifth expanding leaf was unaffected by transfer to lower temperature, the sixth 
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Fic. 4. Effect of ambient temperature on leaf length. Length of successive leaves of winter 
rye transferred after 4 weeks growth, A from high to low temperature, B from low temperature 
to high temperature. 
Solid line period at low temperature (15-20° C.). 
Broken line period at high temperature (20-25° C.). 
0 series A with high temperature period before low temperature period— 
vernalised 7 weeks. 
A series B with low temperature period before high temperature period— 
vernalised 7 weeks. 
& unvernalised controls growing at low temperature throughout. 


was a little longer, while the seventh and eighth were considerably shorter. In 
series B, initially at low temperature, the first five leaves were uniformly 
shorter than those of unvernalised controls; in the sixth and seventh leaves, 
however, an immediate lengthening effect of the ambient temperature ap- 
peared, and equality in the two series was attained. This effect of high tem- 
perature was not in any way associated with reversal of vernalisation (Purvis 
and Gregory, 1952), for neither series was retarded when compared with 
vernalised plants kept at the lower temperature throughout. It is evident that 
the use of leaf length as a criterion of vernalisation would entail rigid control 
of the ambient temperature. 

The effect of devernalisation by high temperature on leaf length and hair pro- 


duction in winter rye. If leaf shortening and hair reduction are fundamentally: 


linked with the vernalisation process, it might be expected that reversal of the 
vernalised conditions by high temperature would tend to nullify these effects, 
the more so in that both the low temperature treatment and the devernalising 
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Responses of Cereal Seedlings to Vernalisation 


treatment are completed before the organs in question begin to grow. An 
experiment to test this has now been completed. 

Winter rye was heated to 25° C. for 6 days after low temperature treatment 
in conditions of reduced moisture for 5 weeks, a period insufficient for com- 
plete vernalisation and therefore to some extent reversible (Purvis and 
Gregory, 1952); vernalised grain was also sown without heat treatment. 
Control grain was imbibed to the same water content (50 per cent. of the 
absolute dry weight) and sown either with or without the same heat treatment. 
Numerical values were given to the various degrees of hair development as 
follows: 3 . . . very hairy; 2. . . moderately hairy; 1... very few hairs; 
o...no hairs. The results are given in Table IV. 


TABLE IV 


Effect of reversal of vernalisation on leaf length and hair development 
in winter rye 


287 


Unvernalised Vernalised 


Unheated Heated Unheated Heated 


Mean leaf length (cm.) 7I+0'20 66+0°26 5:8+0°23 4:8+016 
Mean hair development 2°45 2°30 0°65 0"20 








Clearly the effects of heat and low temperature on leaf length are additive 
and there is no indication of a reversal of the shortening. Hair development in 
vernalised plants is very slightly reduced by heat treatment, whereas the effect 
of vernalisation in reducing the number of long hairs is accentuated by 6 days 
at 25° C. 

DISCUSSION 


The data presented above show that the phenomena described are quite 
inadequate measures of the vernalisation reaction. Although the degree of 
shortening bears some relationship to the flowering response, this relationship 
varies in the different experiments (Fig. 3 and Table III). Furthermore, 
shortening is increased by certain treatments, such as removal of the endo- 
sperm and the reduction of carbohydrate supply to excised embryos, which 
in contrast reduce the flowering response. 

Although the reduction of hair formation on the leaf sheaths corresponds 
more closely with the progress of vernalisation than does leaf shortening, even 
this criterion would lead to erroneous conclusions in some instances. Its use, 
moreover, is, of course, limited to species in which the sheaths are normally 
hairy. These effects, however, provide a useful qualitative test for complete 
vernalisation. 

The nature of the reaction which checks leaf growth remains undetermined, 
but the following conjectures may be offered: (1) depletion or inactivation 
of an auxin; (2) production of a growth inhibitor, which is unstable at higher 
temperatures (Fig. 4); (3) limitation of food-supply (needed either as a source 
of energy or as a basis for auxin synthesis), possibly by interference with 
translocation ; (4) accelerated senescence as suggested by Denffer (1939) (this, 
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however, is unlikely to be reversed by a warmth, as in Fig. 4); (5) changes 
in permeability to water. There is little in the available data to elucidate the 
process. The similar shortening effect of replacing the endosperm by an 
adequate supply of sucrose (excised embryos) points to auxin limitation. 
There have been indications that native auxin in seedlings may be destroyed 
or inactivated by low temperature (du Buy, 1933); if a temporary and 
reversible inactivation occurred during vernalisation, the immediate elonga- 
tion at 20° C. (Fig. 4) could be explained. It is reasonable to suppose that the 
elongation of leaf sheath hairs is controlled by the same process, though 
nothing is known of the effect of the ambient temperature on their 
development. 

The further question of the degree of relationship between these effects 
and the vernalisation reaction also remains unresolved. The elimination of 
leaf shortening by the use of temperatures below the optimum for vernalisation 
recorded by Hansel (1953) is the only clear evidence that the processes may 
be linked. The behaviour of spring varieties has less bearing on this point 
than is generally supposed, since the absence of a flowering response when 
these are vernalised does not necessarily imply that the vernalisation product 
is not formed in such varieties, but rather that a condition of maximal vernali- 
sation already obtains. 
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A Flexible Growth Function for Empirical Use 


F. J. RICHARDS 
(Research Institute of Plant Physiology, Imperial College of Science, London, S.W. 7) 


SUMMARY 


The application of an extended form of von Bertalanffy’s growth function to 
plant data is considered ; the equation has considerable flexibility, but is used only 
to supply an empirical fit. In order to aid the biological analysis of such growth 
data as are capable of representation by the function, general rate parameters are 
deduced which are related in a simple manner to its constants. 


THE many attempts which have been made to simulate curves of limited 
growth by mathematical formulations either aim at accounting for their form 
through certain fundamental postulates about the growth process, or else are 
severely practical in scope and inspired by the desire to obtain any relatively 
simple equation which contains the essence of the numerical data. In the 
empirical approach the magnitudes of the constants in the fitted equations 
may be used fo assess the importance in growth of experimentally controllable 
factors, but the constants themselves are not regarded as having any absolute 
significance for the theory of growth. Obviously the usefulness of any empiri- 
cal equation is enhanced if its constants yield easily information of direct 
biological interest. 
The three best-known ‘growth functions’ are as follows: 


Monomolecular Autocatalytic Gompertz 
Equation W = A(1—be-*) W = Aj(1+be-*) W = Aeve™ 
Growth-rate k(A—W) kRW(A—W)/A kW log,(A/W) 


Here W represents the size at time ¢ and A its ultimate limiting value; k is 
the ‘rate constant’ which determines the spread of the curve along the time 
axis. The magnitude of 5 is usually unimportant biologically, since it reflects 
only the choice of the zero of time. The monomolecular function has no point 
of inflexion, its growth-rate declining linearly with increasing W; it is used 
sometimes (cf. Gregory, 1928) to represent the later portions of life history. 
The autocatalytic or ‘logistic’ curve is symmetrical round its point of inflexion ; 
its relative growth-rate declines linearly with increasing W. It has been used 
widely both from a theoretical standpoint (e.g. Robertson, 1923) and as a 
convenient empirical curve. The Gompertz curve resembles the auto- 
catalytic in many features, but is asymmetrical, inflecting at W = A/e, or 


and between the logarithm of its relative rate and time. This curve has been 
used more extensively in population studies and to represent the course of 
animal growth than it has by botanists; it was deduced as a theoretical curve 
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0-368 A; linear relations exist both between its relative growth-rate and log W, 
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for the growth of chicken’s heart in an interesting paper by Medawar (1940), 
and on the botanical side has recently been applied to the growth of Pelargo- 
nium leaves by Amer and Williams (1957). 

Each of these functions represents but a single curve, whose only changes 
of form are such as may be realized by rescaling the co-ordinate axes. Not 
unnaturally many growth curves fail to conform satisfactorily with any of the 
three. Sometimes (cf. Pearl and Reed, 1923) a fit is then obtained by substi- 
tuting a cubic function of time for kt in the formula given above for the 
autocatalytic; a quadratic function is unsuitable. By thus increasing the fitted 
constants from 3 to 5 considerable flexibility is introduced into the shape of 
the curve, but this ‘generalized logistic’ function does not supply its informa- 
tion in an easily comprehensible manner and it has been used but little. 

The present purpose is to examine a growth function developed for animals, 
from theoretical considerations, by von Bertalanffy (1941, 1957; the second 
paper especially contains references to relevant earlier work), and to show 
how, when limitations imposed by its theoretical background are discarded, 
it may have wide applications in empirical botanical studies, facilitating 
comparisons between sigmoid growth curves of quite different shapes. In its 
general form it includes all the three functions mentioned above, although 
with von Bertalanffy’s restrictions the autocatalytic and the Gompertz are 
excluded as impossible types. While the function may not have all the flexi- 
bility of the generalized logistic, its information is conveyed much more 
conveniently and it contains only four constants. 

Von Bertalanffy’s function and its extension. Von Bertalanffy starts from the 
allometric relation during growth between an animal’s metabolic rate and its 
weight, claiming that the slope (m) of the allometric line is either 2/3 (for 
species obeying the surface rule of metabolism), unity (where oxygen con- 
sumption is proportional to the animal’s weight instead of its surface area), 
or something intermediate between these extreme values; he thus recognizes 
among animals three ‘metabolic types’. Following Piitter (1920), he argues 
further that the rate of anabolism is proportional to the mth power of weight, 
but the rate of catabolism to weight itself. Hence the growth-rate in weight, 
the difference between these two, becomes: »W”™—x«xW, where » and « are 
constants of anabolism and catabolism respectively. When m = 1, 


dW/dt = (n—x)W 


and growth is exponential. For lower values of m integration leads to the 
growth equation: W = {n/«—[n/«—Wi-™Je“A-™""*}10-™, where W, is the 
weight at t = o. The graph of this function is sigmoid, approaching asymp- 
totically the value (y/x)"“-™, which in present usage is the constant A. 
While it is interesting, the derivation of the growth-rate contains assump- 
tions and approximations which im toto cast grave doubt on its theoretical 
validity; moreover values of m above unity are rejected, not apparently 
because they are shown never to occur, but presumably from the theoretical 
need to confine » and « within a numerical range compatible with their 
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interpretation as proportionality constants of anabolism and catabolism. It is 
easy to show that with limited growth and m > 1, » and « must be negative, 
which falsifies this interpretation. Yet if used empirically, m being assessed 
from the growth data themselves instead of from dubiously relevant metabolic 
studies, von Bertalanffy’s function will find its chief application with values 
over I. 

The growth equation may be abbreviated to: W1-" = A!-"—Be-*!, where 
Ai, B, and k are constants: A!-" = n/x, 8B = n/k—Wi-™, and k = (1—m)«. 
As defined here, 8 is negative when m > 1, since it equals A!-"—W}-™. 
Since negative values may cause confusion in the linear form of the function, 
the equation is better written as: W1-" = A!-™(1—be-**) when m < 1, and 
as: Wi-™ = Al-™(1+be-*') when m> 1; here b= +8A™-!. By putting 
m = © the first of these reduces immediately to the formula for the mono- 
molecular curve, while if m = 2 the second equation becomes: 


W = A(1+be-**)-1, 


the autocatalytic function. Hence values of m much exceeding unity are 
necessary if the general function is to have wide empirical applications. 

Neither is an exponential curve the only possibility when m = 1; a solution 
for limited growth also exists, which is in fact the Gompertz (see below). 
By taking logarithms the usual formula for this curve becomes: 


log, W = log, A—be-**, 


in which form it may be fitted to data (Stevens, 1951). Such a fitting corre- 
sponds to a value of 1 precisely for m in von Bertalanffy’s equation. Although 
the equation: W1-" = A!-"—Be-*! becomes insoluble when m = 1, never- 
theless a Gompertz curve can still be fitted with considerable accuracy (again 
by Stevens’s method) if a value of, say, 0-999 or 1-001 be chosen for m. It 
may be shown that, with limited growth, when m becomes unity the » and « 
of von Bertalanffy become equal and infinitely great. Hence his interpretation 
of these constants again breaks down and he accepts only the exponential 
solution. Yet values of m ranging between 1 and 2 represent curve types 
grading from the Gompertz to the autocatalytic; moreover with m > 2 the 
point of inflexion may be carried as far as desired beyond W = A/z. On the 
other hand, when m lies between o and 1 the curves are transitional in form 
between the monomolecular and the Gompertz. Representative types are 
shown in Fig. 1. 

The absolute growth-rate (7W"—«W) in any one of these curves now 
becomes: RW[(A/W)!-™—1]/(1—m), and the relative rate: 


k{(A/W)-"—1]/(1—m). 


Substitution of o and 2 for m in the former leads to the expressions given 


earlier for the rates in the monomolecular and autocatalytic functions respec- 
tively. These formulae break down when m = 1 exactly; but since as x > 0 
the limiting value of (a*—1)/x is log, a, the growth-rate then becomes: 








on ahnctisees Nin athlete ta vee a: 6 


2k elena ee Ae tne Sl atten 












RSE OTE ™t—‘C‘ TY 


Ss? 


SS 





te ae eimai tots rsa etn 


on ante la tha 







Richards—A Flexible Growth Function for Empirical Use — 293 


kW log{A/W), which is the rate appropriate to the Gompertz function. 
This derivation demonstrates that the limiting form of the general function 
when m — 1 is indeed the Gompertz. 

Interpretation of the constants. Apart from their degree of compression the 
differing shapes of these growth curves are due solely to differences in m. 
For example, this constant determines the proportion of the final size at 
which the inflexion point occurs, viz. at W/A = m“-™; as m—> 1 (Gom- 
pertz) this becomes 1/e. The constant A is the final size of the plant or organ, 
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Fic. 1. Asymptotic curves from the family described, for the values of m indicated. In all 
cases A = 1 and k/(2m+2) is uniform throughout. 


while 6, which equals (W,/A)'-" ~ 1, usually has no biological implication 
and can be eliminated from the equation by adjustment of the time scale. 
For this purpose the time when W1-" = 2A!-” must be taken as ¢t =o, 
provided m > 1; for the autocatalytic this gives W = o-5 A, its point of 
inflexion. Where m < 1, 6 is unity if t = o when W = o. Over this lower 
range of m the growth curve is tangential here to the time axis; mathematically 
it continues beyond the point, as either a real or an imaginary extension. In 
the Gompertz curve 5 has a unique significance; as with the autocatalytic it 
becomes unity when time is measured from the point of inflexion—in this 
case when W = Ale. 

The remaining constant k needs a little consideration. It expresses the rate 
at which the value of some function of W changes, e.g. log,[{(A—W)/A] in 
the monomolecular, log,[(A—W)/W] in the autocatalytic, and log, log,(A/W) 
in the Gompertz. The general linear equation for the family is: 


log,[1 ~ (W/A)-™] = log, b—At. 


Since the function of W which is involved is specific for each curve type, 


depending on m, it is difficult to interpret usefully differences between k’s 


cerived from curves of differing forms, although such comparisons have been 
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attempted; thus Amer and Williams (1957) tentatively compared the rate 
constants of Gompertz and autocatalytic curves fitted to growth data from 
leaves of different species. Use of the comprehensive function would often 
lead to the need for some more practical alternative procedure. 

It may be asked just what information of biological interest is supplied by 
the k’s from curves of a single type, e.g. the autocatalytic. The function of W 
which happens to change linearly with time assumes importance only in 
relation to theories about growth which attribute to the constant A (final size) 
a quantitative causative significance throughout development. From the 
empirical standpoirit its interest is limited, mathematical rather than bio- 
logical, so that the lack of easy correspondence in meaning between the k’s 
from curves having different m’s is no great loss from this point of view. 
Parameters which allow comparisons between general rates of change of W 
itself in the various curves would be of more immediate interest. 

Among these curves, however, the relation between growth rate and time 
is affected in a complex manner by &, viz. 


¥ Pe 0 annie ail 
and id = Fkbe-/[(1—m)(1-+be-*)] 


—the upper signs apply when m > 1 and the lower when m < 1. Since the 
growth curves approach W = A asymptotically their mean rates are uni- 
formly zero. It is easier to obtain suitable parameters from the relation 
between growth-rate and W, graphs of which are shown in Fig. 2 for selected 
values of m. The form of any such rate curve is determined exclusively by m, 
but its height depends on A and k as well. The area under the curve is: 


of Ye kW A\1i-m 

} eae) 
Ww=o 
which equals A*k/(2m-+-2). Hence the mean height is Ak/(2m-+-2). If now for 
every growth curve the unit in which W is measured is its own final size A, 
and the rate be plotted against W (in other size units, dW/A.dt against 
W/A), the diagram will represent the rate of change in ‘proportional size’ over 
the whole size range o—1. The area beneath the curve is now k/(2m-+-2), and 
the mean height is numerically the same. Among a group of such curves all 
having the same m, the relative average heights depend only on the various 
k values ; k/(2m-+-2), however, is more definite in that it states the mean height, 
so that in its terms all ‘proportional rate’ curves become directly comparable, 
e.g. k/4 in a Gompertz function is equivalent in this sense to k/6 in an 
autocatalytic. Curves conforming to the general function, and for each of 
which k is proportional to m-+-1, are therefore equal as regards this parameter. 
In Figs. 1 and 2 this condition is fulfilled; since also A is kept uniform 
throughout, the areas under the several curves of Fig. 2 are equal. 
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The allied parameter Ak/(2m-+-2) measures the average aeight of the plot 
of absolute rate against W. Hence it represents the mean growth-rate within 
a hypothetical population in which all size classes are equally abundant, i.e. 











Fic. 2. Relation between growth-rate and size (W) for curves having the m values indicated. 
In all cases A = 1 and k/(2m+-2) is uniform throughout. The position of the maximum on 
each curve is shown. 


a population having a rectangular distribution with respect to size. I am 
indebted to Mr. B. M. Church for an interesting alternative interpretation 
of the parameter, as a weighted mean growth-rate throughout the whole 
period of growth. If the weighting applied to the rate is itself a function of 
time, the weighted mean will be: 


t=+o t=+o 
| ala fit) dt / | fit) dt 
t=—o t=—o 


(for reasons given on p. 293, where m < 1 integration should start from the 
time when W =o instead of from ¢ = —oo). Greatest weight should 
evidently be given to the period of active growth, when the rate will be 
estimated most accurately, and little weight to the ends of the time scale. 
Beyond this the choice is arbitrary, but the simplest procedure is to weight 
proportionally to the actual rate, i.e. to make f(t) equal to dW/dt itself. With 
this convention the weighted mean becomes: 


t=+o0 dw . iF ° Wy 

{ (=r) a/ | =* 
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which equals: 
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again. This parameter will therefore be referred to as the weighted mean growth- 
rate. The parameter k/(2m-+-2) has a similar interpretation in relation to 
‘proportional growth’ rates. 

Over the most useful range of m (say 1-3) the maxima on the curves of 
Fig. 2 are not very variable. As stated earlier any such maximum occurs at 
W = AmY“-™ and its magnitude is Akm™“-™ even if this latter were 
regarded as a more easily comprehended parameter than the weighted mean 
growth-rate, its mathematical expression is more complex and its evaluation 
more time-consuming. The ratio of the two preceding expressions, k/m, is 
the relative growth-rate at the point of inflexion of the growth curve, and is 
a more interesting parameter, as will appear shortly. 

As m-—>1 (Gompertz) the maximal growth-rate approaches kA/e, this 
being the lowest maximum in the family of curves represented in Fig. 2. 
The autocatalytic derivative (m = 2) is the only symmetrical curve among 
them, a parabola. The monomolecular (m = 0) provides a straight line, 
while at the other extreme as m becomes large the growth-rate is virtually 
proportional to W until the maximum size A is neared, when it quickly falls 
to zero. This type of rate curve represents exponential increase which is 
nevertheless limited and ends abruptly. 

Where m <1 the corresponding relative growth-rate curves are convex 
to the axis of W and are infinite initially, indicating that this range of m can 
usefully be employed only if the data do not include early stages of growth 
(nevertheless von Bertalanffy’s hypotheses permit only such values). Where 
m > 1 the initial relative rates are finite; the curves flatten until m = 2, at 
which value the fall with increasing W becomes linear. Above m = 2 the 
direction of curvature reverses, the early portions of the curves becoming 
more and more nearly horizontal with increasing m. Where m = 3, for example, 
the initial relative rate does not fall by as much as ro per cent. until more 
than 30 per cent. of the total growth is realized, while if m should be as high 
as 20 nearly 80 per cent. of growth would be over before the fall reached 
1 per cent. Since close approximations to exponential increase frequently 
occur in the early stages of plant growth, curves with m > 2 offer new 
possibilities for the more accurate reproduction of many growth histories 
without undue complication in the mathematical function employed. 

A weighted mean relative growth-rate may be determined exactly as was the 
a absolute rate, i.e. 
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(when m < 1 the lower limit of integration should again be the time at which 
W = 0). The parameter k/m is therefore the mean relative growth-rate of a 
population wherein all size classes are represented equally, and is also a 
weighted mean relative rate throughout the growth period, the weighting at any 
time again being proportional to the absolute rate at that time. It was indicated 
earlier that k/m is, moreover, the actual relative growth-rate at the point of 
inflexion on the growth curve, where the absolute rate is maximal. This 
parameter therefore has three distinct interpretations. It provides a further 
means of generalizing part of the information conveyed by k alone when 
curves of a single form are compared. 
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Fic. 3. Curves fitted to data of Pearl et al. (1934) concerning the growth in length of the 
hypocotyl of Cucumis melo at different temperatures; the points shown represent the actual 


data. The origin represents the time of planting, and the time scale for the data at 15° C. 
(lower scale) is contracted to half that for the others. 


The four parameters b, m, k/m, and Ak/(2m-+-2) define the growth curves 
completely, and in a way that enables useful treatment comparisons to be 
made immediately of ‘average’ rates of growth (both absolute and relative) 
and of the manner in which these rates vary with increasing W. For this last 
purpose it might be preferred to replace m by m/“-™, since this states 
explicitly the proportion of the final size at which the growth rate is maximal. 

A practical example. In order to illustrate the versatility and convenience 
of the present function, curves from the family have been fitted to some data 
of Pearl et al. (1934) concernixg the increase in length of the hypocotyl of 
Cucumis melo when grown in darkness at constant temperatures ranging from 
15-37°5° C. (Fig. 3). The method of fitting will be indicated after the results 
have been presented. The four curves within the range 25-37°5° C. are close 
to the Gompertz in form, m varying only between 1-o and 1-2 (see Table I). 
As temperature decreases below 25° C. the maximal rate of growth is delayed 
progressively in developmental history unt’! at 15° C. m reaches 3-0. The 
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again. This parameter will therefore be referred to as the weighted mean growth- 
rate. The parameter k/(2m-+-2) has a similar interpretation in relation to 
‘proportional growth’ rates. 

Over the most useful range of m (say 1-3) the maxima on the curves of 
Fig. 2 are not very variable. As stated earlier any such maximum occurs at 
W = AmY“-™ and its magnitude is Akm™“-™; even if this latter were 
regarded as a more easily comprehended parameter than the weighted mean 
growth-rate, its mathematical expression is more complex and its evaluation 
more time-consuming. The ratio of the two preceding expressions, k/m, is 
the relative growth-rate at the point of inflexion of the growth curve, and is 
a more interesting parameter, as will appear shortly. 

As m-—>1 (Gompertz) the maximal growth-rate approaches kA/e, this 
being the lowest maximum in the family of curves represented in Fig. 2. 
The autocatalytic derivative (m = 2) is the only symmetrical curve among 
them, a parabola. The monomolecular (m = 0) provides a straight line, 
while at the other extreme as m becomes large the growth-rate is virtually 
proportional to W until the maximum size A is neared, when it quickly falls 
to zero. This type of rate curve represents exponential increase which is 
nevertheless limited and ends abruptly. 

Where m <1 the corresponding relative growth-rate curves are convex 
to the axis of W and are infinite initially, indicating that this range of m can 
usefully be employed only if the data do not include early stages of growth 
(nevertheless von Bertalanffy’s hypotheses permit only such values). Where 
m > 1 the initial relative rates are finite; the curves flatten until m = 2, at 
which value the fall with increasing W becomes linear. Above m = 2 the 
direction of curvature reverses, the early portions of the curves becoming 
more and more nearly horizontal with increasing m. Where m = 3, for example, 
the initial relative rate does not fall by as much as 10 per cent. until more 
than 30 per cent. of the total growth is realized, while if m should be as high 
as 20 nearly 80 per cent. of growth would be over before the fall reached 
I per cent. Since close approximations to exponential increase frequently 
occur in the early stages of plant growth, curves with m > 2 offer new 
possibilities for the more accurate reproduction of many growth histories 
without undue complication in the mathematical function employed. 

A weighted mean relative growth-rate may be determined exactly as was the 
corresponding absolute rate, i.e. 
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(when m < 1 the lower limit of integration should again be the time at which 
W = 0). The parameter k/m is therefore the mean relative growth-rate of a 
population wherein all size classes are represented equally, and is also a 
weighted mean relative rate throughout the growth period, the weighting at any 
time again being proportional to the absolute rate at that time. It was indicated 
earlier that k/m is, moreover, the actual relative growth-rate at the point of 
inflexion on the growth curve, where the absolute rate is maximal. This 
parameter therefore has three distinct interpretations. It provides a further 
means of generalizing part of the information conveyed by k alone when 
curves of a single form are compared. 
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Fic. 3. Curves fitted to data of Pearl et al. (1934) concerning the growth in length of the 

hypocotyl of Cucumis melo at different temperatures; the points shown represent the actual 

data. The origin represents the time of planting, and the time scale for the data at 15° C. 
(lower scale) is contracted to half that for the others. 


The four parameters b, m, k/m, and Ak/(2m-+-2) define the growth curves 
completely, and in a way that enables useful treatment comparisons to be 
made immediately of ‘average’ rates of growth (both absolute and relative) 
and of the manner in which these rates vary with increasing W. For this last 
purpose it might be preferred to replace m by m/“-™), since this states 
explicitly the proportion of the final size at which the growth rate is maximal. 

A practical example. In order to illustrate the versatility and convenience 
of the present function, curves from the family have been fitted to some data 
of Pearl et al. (1934) concerning the increase in length of the hypocotyl of 
Cucumis melo when grown in darkness at constant temperatures ranging from 
15-37°5° C. (Fig. 3). The method of fitting will be indicated after the results 
have been presented. The four curves within the range 25-37°5° C. are close 
to the Gompertz in form, m varying only between 1-o and 1-2 (see Table I). 
As temperature decreases below 25° C. the maximal rate of growth is delayed 
progressively in developmental history until at 15° C. m reaches 3-0. The 








298  Richards—A Flexible Growth Function for Empirical Use 


changes in m with temperature summarize sufficiently the associated changes 
in general form of the growth and rate curves. The estimated final length (A) 
is also sensitive to temperature, being maximal at about 30° C. The weighted 
mean elongation rate, Ak/(2m-+-2), is maximal at about the same temperature, 
its value there being over seven times as great as at 15°. Expressed as ‘pro- 
portional growth’ the weighted mean rate, k/(2m-+-2), is much less variable; 
at 25° it is only two and a quarter times the rate at 15°, and above 25° is 
virtually constant. The reciprocal (7) of this parameter is also stated in the 
table; it may loosely be considered to measure the time required for the major 





TABLE I 

Growth parameters calculated from data of Pearl et al. (1934) 

°C, 15 20 25 30 35 37°5 3° 
b* 3950741 259°457 5°46848 15°4148 3°37595 1°52248  5°13941 
A (mm.} 73°6 1782 225°0 246°0 195°2 1560 245°0 
m 30 1-7 12 1° 12 I'l 12 
k (per day) 0°5538 06707 0°6813 0°6302 0°7391 0°6718 0°7207 
m}/(i—m) o'58 0°47 0°40 0°37 0°40 0°39 0°40 

— (mm. per day) 51 22°1 34'8 388 32°8 25°0 40°1 

2am+2 
=. 2 (per day) 0069 O-124 O'155 0-158 0-168 0-160 0°164 
2m+2 
L. (per day) 0-185 0°395 0568 0630 = «0616 o-611 o'601 
m 
T (days) 14°44 8-05 6-46 6°35 5°95 6°25 6-11 


* These values apply when age is measured from the day of planting. The constant from 
the Gompertz fitting at 30° C. is not comparable with the others. 


part of growth, and for comparative purposes probably represents the period 
of development as well as any other figure derivable from an asymptotic 
function. Consideration of these times in relation to the curves of Fig. 3 to 
which they apply shows that in each instance T indicates to a very close 
approximation the period during which go per cent. of the growth was made, 
provided the period it represents is chosen so as always to embrace the largest 
possible increment in W. Finally, the weighted mean relative rate, k/m, trebles 
between 15 and 25° C., but above this range alters little. 

All these characteristics thus change markedly between 15 and 25° C. Some 
of them, e.g. m, k/(2m-+-2), k/m, are insensitive to temperature increase beyond 
25°, while others, e.g. A, Ak/(2m-+-2), have a distinct maximum at about 
30° C. The reduction in A at low temperatures was associated with a con- 
siderable alteration to m, indicating large differential effects of temperature 
on the growth-rate during development. On the other hand the results suggest 
strongly that whatever the causes leading to the reduction in final length at 
high temperatures, they must have been operative uniformly throughout the 
whole period of the measurements, for m was unaffected. This conclusion 
modifies considerably some of those drawn in the original paper, but it is 
beyond the present purpose to discuss this and other questions raised. 
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Fitting the curves. The estimates of m in Table I are probably within o-1 
of their optimal magnitudes, the only likely exception being the 1-0 at 30° C., 
where the data are somewhat irregular. Since these are fitted almost as well 
by m values as high as 1-2, constants appropriate to this value also are pre- 
sented, in the last column of the table. The estimate of k is increased 14-4 
per cent. by this change, a result which indicates the sensitivity of the con- 
stant to errors in m. The suggested substitutes for k are considerably less 
affected; in the present instance the use of m = 1-2 lowers the estimate of 
k/m from 0°6302 to 06006 (by 4°7 per cent.) and raises that of k/(2m-+-2) from 
0°1576 to 0°1638, i.e. 3-9 per cent. Thus wherever m can be assessed only 
approximately these parameters have the advantage of greater precision than k. 

Unfortunately, sound statistical methods cannot be suggested at present 
either for determining the best value for m or for estimating the probability 
that any difference between the m’s selected for two growth curves is statisti- 
cally real. Hence more empirical means must be adopted. A provisional m 
might be assigned by comparing a freehand curve through a plot of the data 
with a set like those in Fig. 1, but more complete. A better alternative is to 
assume some reasonable value for A and to assess the magnitude (J) of W 
at the point of inflexion, from the position of the maximum in a graph of the 
observed increments in W, per unit time, plotted against W. The value of m 
which satisfies m/“-~™) — J/A should be close to the best possible; it might 
be read from a graph of m/@-™ against m. 

The approximations to m and A may be improved by making use of the 
linear form of the growth function, i.e. by plotting log [1 ~ (W/A)'-™] 
against ¢. Any departure from a straight line may then be corrected as far as 
possible by small changes in the magnitudes of m and A first used. Alteration 
of A modifies considerably the end where W — A, but has little effect else- 
where, while a change in m alters the whole course of the line, its greatest 
effect being where W is small. With care and good data the best value of m 
may be found thus with an error not much, if at all, exceeding o-1; with 
irregular data the uncertainty rapidly increases. 

Having determined m to one’s satisfaction, the other constants might be 
estimated from the equation: W1-" = A!-~™—Be-*' (see p. 292), by the 
method of Stevens (1951) or, if the number of observations along the curve 
does not exceed seven, by the less laborious method of Patterson (1956). 
For many purposes it will be good enough to accept the value of A already 
used for the linear plot, and simply to estimate k and 5 from the graph itself, 
or from a linear regression through its points. This easier procedure was 
adopted for the data examined here. 

Concluding remark. If justification be required for using this curve family 
to represent growth data it may perhaps be sought in the allometric relation- 
ship (Y = pW2) so frequently found between two correlated growth charac- 
teristics, e.g. leaf length and leaf width, throughout their development. It is 
easily seen that if W is a growth characteristic conforming with one of the 
present curves, any other characteristic Y increasing allometrically with it 

5160.2 xX 
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must have a different member of the same family as its growth curve: for 
allometry by = by and ky = ky; then g = (1—myy)/(1—my) and 


p = Ay/Aj. 


Hence if, as is commonly admitted, the autocatalytic curve fits many data 
and its use is legitimate, then other such curves also having m > 1 must be 
equally legitimate; similarly, if the monomolecular is sometimes justified, so 
als: will be other curves of the family wherein m < 1. The Gompertz is again 
unique; it is allometric only with other Gompertz curves, and then only in 
a rather trivial sense (Lumer, 1937), for ky and ky must be equal and g 
becomes by /b,, , i.e. a ratio of constants which have little biological significance. 
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The Relationship between Transpiration and the 
Absorption of Inorganic Ions by Intact Plants 


R. SCOTT RUSSELL’ AND V. M. SHORROCKS? 
Department of Agriculture, Oxford University 


SUMMARY 


The relationship between the rate at which water and the rubidium and phos- 
phate ions are absorbed by intact plants, and transferred to their shoots has been 
investigated in water culture under varying conditions of transpiration and 
nutrient supply. 

When the external concentration and the nutrient status of the plants are 
sufficiently low, wide variations in the rate of transpiration have little effect on 
the transfer of nutrients to shoots; when little water is being lost by transpiration 
the concentration in the transpiration stream may exceed that in the external 
medium by factors exceeding 100. In contrast when the external concentration 
and the nutrient status of the plants are high the rate of transfer of ions to shoots 
may vary closely with the rate of transpiration and the concentration in the trans- 
piration stream may be similar to, or less than, that in the external medium. 

The occurrence of concentrations of ions in the transpiration stream which 
greatly exceed those in the medium external to the roots is regarded as evidence 
that ions are not transferred passively across the roots of intact plants to a 
significant extent. 


INTRODUCTION 


THE effect of the rate of transpiration on the movement of nutrients to plant 
shoots has been the subject of many investigations. A close relationship 
between the two processes has frequently been observed (Freeland, 1936, 
1937; Wright, 1939; Phillis and Mason, 1940; Michael and Wihlberg, 1951; 
Brouwer, 1953 et seq.; and Hylmé, 1953 et seq.). Other investigators have 
found the two processes to proceed at independent rates (Hasselbring, 1914; 
Kiesselbach, 1916; Mendiola, 1922; and van den Honert et al., 1955). The 
work of Broyer and Hoagland (1943) suggested an explanation of these con- 
flicting conclusions. They showed that in plants of low salt status variations 
in the rate of transpiration had little effect upon salt uptake. However, when 
the salt content of plants was high, large increments in absorption could be 
induced by enhancing the rate of transpiration. It was concluded that the 
transfer of ions across the symplast of roots to the vascular stele was an active 
process independent of water movement, but that the subsequent translocation 
of ions in the vascular tissue was largely influenced by the rate of transpiration. 
When the latter step was rate limiting, as occurred in plants of high salt status 
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in their investigation, the overall process of ionic movement from the outer 
medium to the shoots could vary with the rate of transpiration. The conclusion 
that the initial process of entry of ions into roots was an active process depen- 
dent upon metabolism was supported by numerous investigations of the 
relationship between respiration and salt uptake (Steward, 1933; Hoagland 
and Broyer, 1936). The marked differences which can occur in the rates of 
accumulation of different ions (Collander, 1941) is again difficult to reconcile 
with the passive transfer of ions across roots. 

Recently, however, it has been postulated (Hylm6é, 1953, 1955, 1958; 
Epstein, 1956 a and 6; Kramer, 1957; Kylin and Hylmé, 1957) that mass flow 
in water is an important mechanism whereby ions are transferred across the 
roots of plants. This opinion has been encouraged by the realization that a 
considerable zone in the outer protoplasm of plant cells is not separated from 
the exterior by a high resistance barrier, and that the entry of ions into this 
zone has the characteristics of Donnan diffusion (i.e. the concept of ‘apparent 
free space’). The experimental evidence advanced to support the contention 
that ions can be transferred by diffusion processes across roots is, however, 
not extensive. Hylmé (1953) has shown that transpiration and salt uptake 
can vary concomitantly in young pea seedlings; since, however, such seedlings 
are of relatively high salt status this observation is essentially similar to that 
of Broyer and Hoagland (loc. cit.) who, contrary to Hylmé, concluded that 
transpiration and salt uptake were independent processes. Much recent dis- 
cussion has depended on extrapolation from data, the quantitative validity of 
which is doubtful because of inadequate statistical control (Hylmé, 1955, 1958; 
Kylin and Hylmé, 1957); other discussions have been supported by no ex- 
perimental evidence (Epstein @, b,1956; Kramer, 1957). Nonetheless the further 
investigation of this hypothesis appeared desirable; it had been given con- 
siderable publicity and, if established, would necessitate considerable modifi- 
cation of concepts regarding the significance of the anatomy and metabolism 
of roots in relation to plant nutrition. 

The crucial question for investigation is whether a barrier which offers high 
resistance to the passage of ions exists in roots external to the vascular stele, 
and is comparable in its effect to the tonoplast of a single cell. If such a 
barrier were demonstrated the transfer of ions across the symplast of roots to 
the stele could not be due to passive diffusion in water. The most direct way 
of obtaining information on this question appeared to be to compare the con- 
centration of ions in the aqueous phase within the vascular tissue with that 
in the external medium; if the internal concentration greatly exceeded that 
on the exterior an active transport process would clearly be operative. Further- 
more, if large concentration differences could be maintained under conditions 
of slow transpiration it would be beyond doubt that there is no parallel path- 
way whereby significant quantities of ions could pass by passive diffusion 
across the root. 

Experiments undertaken to investigate this question using simple proce- 
dures are here described. 
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EXPERIMENTAL METHODS 


The general method of the experiments was to compare the quantities of 
rubidium or phosphate and water which were absorbed by plants and trans- 
located to their shoots under different condit: vns of transpiration and nutrient 
supply. 

Barley plants (variety Proctor) and Sunflower (variety Pole Star) were raised 
to the second or third leaf stage in water culture (Russell and Martin, 1953). 
The environment of the greenhouse in which the plant stocks were grown was 
only partially controlled and the growth rates of plants consequently varied at 
different times of year. The experiments were, however, carried out in con- 
stant environment chambers in which the rate of transpiration could be varied 
by exposing the plants either to artificial light (500 or 250 foot candles) or to 
darkness. The duration of experiments varied from 20 to 24 hours. The light 
and dark chambers were ventilated from a common source and no significant 
difference in air temperature was observed between them. The normal tem- 
perature of the chambers was 20° C.; between different times of year it varied 
by less than 2° C. 

Pyrex beakers (capacity 250 ml.) were used as experimental vessels except 
when the low concentration of experimental solutions made it necessary to 
employ larger containers. The plants, four per vessel, were supported with 
small corks in polythene covers which were held to the beakers by light spring 
clips; resin cerate was applied to make the assemblies gas tight. Dummy 
experiments showed that no significant loss of water occurred from the vessels 
except as a result of transpiration; this could, therefore, be measured directly 
by weighing. The absorption of phosphate or rubidium was determined by 
tracer methods; roots and shoots were separately assayed. 

The plant stocks used in the majority of the experiments with phosphate 
had been grown in solutions containing no phosphate; similarly in experi- 
ments with rubidium a low monovalent cation status was obtained by exclud- 
ing potassium. No visible symptoms of nutrient deficiency were observed. On 
occasions the nutrient status of the plants was adjusted by pre-treatment with 
appropriate nutrient solutions. In some experiments mannitol was added to 
the experimental solutions at varying concentrations to cause additional effects 
on the rate of transpiration. 

Since phosphate and rubidium can be regarded as passing up the vascular 
tissue in solution as free inorganic ions (Stout and Hoagland, 1939; Tolbert 
and Wiebe, 1955; Loughman and Russell, 1957) the mean concentration in 
the transpiration stream can be calculated from the shoot content and the 
water lost by transpiration. The concentration in the transpiration stream can 
be compared with that in the external solution by calculating the ‘transpiration 
stream concentration factor’ (T.S.C.F) as follows: 


Concentration of ion in transpiration stream 
T.S.C.F. = : ——; ; 
Concentration of ion in external solution 
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A value of 1 would indicate that the ion under investigation and water moved 
from the external medium to the plant shoot at the same rate as water. 
Validity of the experimental procedure. The comparison of 'T.S.C.F. values 
obtained by this procedure under different conditions of light can provide 
valid information on the relationship between transpiration and salt uptake 
only if the effects on salt uptake can correctly be attributed to alterations in 
the transpiration rate. If lack of carbohydrates, alteration in growth-rates, or 
other physiological changes induced by darkness exert significant effects on 
salt uptake erroneous conclusions would be reached. Such effects would not 
be expected to disappear immediately plants were transferred from darkness 
to light. Accordingly the effect of exposing plants for 24 hours to light or 
darkness on the absorption of phosphate and rubidium in the following 
24 hours was investigated. No significant reduction in the absorption of either 
ion was observed (Table I). Additional evidence in support of the view that 


TABLE I 


The effect of shading for 24 hours on the absorption of phosphorus and rubidium 
during the following 24 hours by young barley plants of low salt status 


Total plant absorption 





Pretreatment Treatment - — 

(24 hours) (24 hours) Phosphorus (ug.) Rubidium (yg.) 
Light (500 f.c. s . Light (500 f.c.) 583 2,060 
Dark . ; P . Light (500 f.c.) 646 2,020 
Sig. diff. 5% 98 N.S. 


shading exerted its influence through changes in transpiration rate during 
these relative experimental periods was provided by the fact that the relation- 
ship between transpiration and absorption was constant within the limits of 
experimental observation when measured over periods ranging from 160 
minutes to 24 hours. Furthermore, when plants were allowed to remain in the 
experimental vessels beyond the end of the normal 24-hour experimental 
periods it was found that the rate of absorption changed little during the next 
36 hours. This also indicates that lack of aeration during the experimental 
period had no great effect on salt uptake; it is to be noted that nutrient 
solutions were thoroughly aerated at the commencement of the experiments. 

The effects of changes in transpiration induced by the addition of mannitol 
to the experimental solution were compared with those induced by shading 
in some experiments. Young sunflower plants were treated for 24 hours in 
light (500 f.c.) and darkness combined factorially with the following concen- 
trations of mannitol: 0-25, 0-13, and o M.; water loss and the absorption of 
rubidium from solutions of concentration 85 p.p.m. were observed. Both 
transpiration and the transfer of rubidium to shoots was reduced by mannitol, 
and the relationship between transpiration and the transfer of rubidium to 
shoots was relatively similar irrespective of the combination of mannitol and 
light treatment which had been imposed (Fig. 1). Comparable effects of man- 
nitol were observed on the absorption of phosphate. It appears reasonable to 
infer that mannitol influences the absorption of ions through altering the rate 
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of water movement; these results therefore support the view that the effects 
of the light treatments on the transfer of ions to shoots observed in the present 
experiments are attributable to changes in the rate of transpiration, rather than 
to physiological differences in metabolism. Since, however, significant differ- 
ences in plant dry weight occurred between the different light treatments in 
some experiments the possible effects of weight changes were further examined 
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mg. rubidium 











| 1 i — 
“0 10 20 30 40 

Transpiration grams 
Fic. 1. The effect of light intensity and of the external concentration 
of mannitol on the relationship between transpiration and the quantity 
of rubidium translocated in 24 hours to the shoots of barley from 
solutions containing 85 p.p.m. Rb. 


Light intensity: open circles, 500 f.c.; solid circles, nil. Concentration 
of mannitol: A, nil; B, o-11 M.; C, o-22 M. 


(see discussion of Tables II and IV below). It may be noted that mannitol was 
not used to alter the transpiration rate in the main body of the work since it 
was not practicable by this means to obtain such wide variations in transpira- 
tion rate as could be induced by shading. 


EXPERIMENTAL RESULTS 


The relationship between transpiration and the absorption and distribution of 
rubidium in plants. In Table II the results are shown for an experiment in 
which young barley plants of low potassium status were supplied with 85 or 
0°31 p.p.m. labelled rubidium for 20 hours, and subjected to light of intensity 
500 or 250 f.c. or to darkness. Replication was 5-fold. An effect of shading on 
plant dry weight was apparent in the 85 p.p.m. rubidium treatment but was 
small in relation to the effects of the light treatment on both transpiration and 
on the transfer of rubidium to shoots. It therefore appears reasonable to 
assume that the weight changes did not vitiate the examination of the relation- 
ship between these two quantities. Calculations of the T.S.C.F. are shown in 
the table; at both concentrations of rubidium the values were in excess of 1 
and the reduction in the rate of transpiration due to shading caused the values 
to increase. This effect was particularly marked when the low concentration 
of rubidium was provided; the concentration in the transpiration stream then 
exceeded that in the outer medium by a factor of more than 70. These results 
are considered to be incompatible with the existence of pathways for the free 
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diffusion of rubidium which are of significant magnitude relative to the active 
transport mechanism. The fraction of total rubidium in the plants which was 
recovered from the shoots was much reduced when the low concentration of 
rubidium was applied; at both levels of rubidium the reduction in the rate of 
transpiration caused the fraction transferred to the shoots to be depressed. 
This reflects the fact that variation in the rate of transpiration brought about 
relatively small changes in root content. 


TABLE II 
The effect of variations in the rate of transpiration induced by shading on the 
absorption of rubidium by young barley plants. Results expressed per 4 plants. 
Replication : 5-fold. When a logarithmic transformation was necessary for statisti- 
cal analysis the transformed values are italicized 





External concentration 0°31 p.p.m. 85 p.p.m. 

of rubidium — —, wa , 

Sig. diff. Sig. diff. 

Light intensity (f.c.) 500 250 Nil 5% 500 250 Nil 5% 
Transpiration (g.) . 4°5 28 o8 — 4°5 2°3 o'7 _ 
Dry weight (mg.) 

Root. ° - gt 348 34°6 N.S. 40°2 34°0 32°0 3°3 

Shoot . . - 862 802 798 N.S. 1110 944 93°8 9°5 


Rubidium content per 4 

plants (ug.) 

Root. ° - 1830 1560 150°0 30°4 734°0 6340 611-0 N.S. 
Shoot . ° - 50°6 37°9 18-5 79 878-0 785°0 497°0 288-7 


Shoot content as per- 
centage of total plant 
content . 7 - 236 19°6 11‘o 4°4 54°5 55°3 448 4°4 
Transpiration stream 
concentration fac- 
tor(T.S.C.F.) . 364 43°5 728 a= 2°3 41 8-4 o 
I-560 1-643 1856 0-149 0-363 0-599 0-887 0-149 
In Table III the results are summarized for further experiments in which 
rubidium was applied to either barley or sunflower plants. The general method 
of these experiments differed from that illustrated in Table II only in that the 
plants were of relatively high potassium status, having been raised in nutrient 
solutions containing 6 x 10-3 M. potassium. Quantitative differences between 
the experiments may reflect the variable climatic conditions of the greenhouse 
in which the plant stocks were raised. However, the relationships between 
transpiration and the transfer of rubidium to plant shoots were similar to that 
illustrated in Table II. The T.S.C.F. was markedly greater in plants supplied 
with the low concentration of rubidium, and it was considerably enhanced 
when the rate of transpiration was reduced by shading. ‘The higher concentra- 
tion of rubidium caused the T.S.C.F. to approach unity and in some cases 
they were less than 1; moreover, the values were less affected by the rate of 
transpiration than when the low concentration of rubidium was employed. 
This suggests that the combination of a high initial monovalent cation status 
of the plants and a high external concentration of rubidium led to a situation 
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in which the transfer of rubidium to shoots varied with the rate of transpira- 
tion. The fraction of the rubidium which entered the plants and which was 
transferred to the shoots was in all cases depressed when the rate of trans- 
piration was low. 


TABLE III 


The effect of variations in the rate of transpiration induced by shading on the 

absorption of rubidium by young barley and sunflower plants. Summarized results 

for 5 independent experiments. When a logarithmic transformation was necessary 
for statistical analysis the transformed values are italicized 


Ligh 
Duration of Concentration intenaity Trans pira- Transpiration stream 
No. of experiment of rubidium (foot tion concentration factor 
Plant replicates (hours) (p.p.m.) candles) (g-) (T.S.C.F.) 
Barley 4 6 0°28 500 o7 19°6 
0°28 Nil o'2 32°5 
Sig. diff.(1%) 12°5 
Barley 6 22 85 500 5°7 3°6 
85 Nil o-7 22 
Sig. diff. (1%) 1‘o 
Barley 4 24 85 500 52 18 
85 Nil o-7 2°6 
Sig. diff. (5%) 06 
Barley 4 24 &5 500 14°5 o'8 
85 250 10°5 o'8 
85 Nil 31 o-7 
N.S. 
Sunflower 3 20 1°34 500 33°1 3°7 1°56 
1°34 Nil 5"0 2°7 1°43 
85 500 32°5 I'l I-03 
85 Nil ° 0-7 0-84 
Sig. diff. (5%) 0°22 


The relationship between the rate of transpiration and the absorption and 
translocation of phosphate to shoots. Experiments with the phosphate ion were 
essentially similar in design to those with rubidium with the exceptions that 
the effect of the initial phosphate state of the plants was more fully investi- 
gated. In Table IV the results are shown for an experiment in which young 
barley plants of low phosphate status were supplied with 31 or o-1 p.p.m. P 
and exposed either to light (500 f.c.) or to darkness for 24 hours. Replication 
was 4-fold. The dry weight of the plants was reduced by darkness to a greater 
extent than in any other experiment and the values for phosphate content are 
therefore expressed both in terms of plant content and as concentrations per 
unit dry matter. A comparison of the results expressed on both bases shows 
a broadly similar picture of the effects of variation in the rate of transpiration ; 
at the lower concentration of phosphate only small changes were induced, but 
at the higher concentration, a reduction in the rate of transpiration lead to 
considerably lower values. 

Markedly higher values of the T.S.C.F. were obtained with the lower con- 
centration of phosphate and a reduction in the rate of transpiration induced 
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TABLE IV 


The effect of variations in the rate of transpiration induced by shading on the 

absorption of phosphorus by young barley plants. Results expressed per 4 plants. 

Replication : 4-fold. When a logarithmic transformation was necessary for statisti- 
cal analysis the transformed values are italicized 





External concentration O'I p.p.m. 31 p.p.m. 
of phosphorus - ~ a i. 
Light intensity (foot candles) 500 Nil Sig. diff. 500 Nil Sig. diff. 
5% 5% 
Transpiration (g.) : , 9°3 o7 —_ 8-4 08 oo 
Dry weight (mg.) 
Root . . . - ose ae 6S 34°2 26°7 3°3 
Shoot . ‘ . - I14°0 89:2 12°8 118-0 90°7 12°8 
Phosphorus content per 4 
plants (ug.) 
Root. P , ; 9°6 75 o'7 123°0 62:1 53°9 
Shoot . : ‘ ‘ sag) IF N.S. 291°0 798 63°3 
Phosphorus concentration 
(ug./g. dry matter 
Root . e ‘ . 9 2 N.S. 3360 2340 
3°55 3°38 O-I7 
Shoot . . ‘ » wr 195 II 2480 882 438 
Shoot content as percentage 
of total plant content » . 61 6 70 56 6 
‘Transpiration stream concen- 
tration factor (T.S.C.F.) . --12°3,_-155°7 _ I'l 3°3 a 
r0g) 62°19 _— 0°045 0-518 0-071 


by shading caused them to increase 12-fold; under these conditions the con- 
centration in the transpiration stream exceeded that in the outer medium by 
a factor of more than 150. When the higher concentration of phosphate was 
applied the values for the T.S.C.F. were lower but still exceeded 1; and they 
were less affected by the rate of transpiration. Comparable effects were ob- 
served in the experiments with barley and sunflower plants of low phosphate 
status; they are summarized in Table V. 

In a further experiment with sunflower plants a larger series of concentra- 
tions of labelled phosphate were applied, namely 31, 10, 2, 1 and o-r p.p.m. P. 
The duration of the experiment was again 24 hours; plants were exposed both 
in light (500 f.c.) and in darkness. Transpiration was reduced in darkness by 
a factor of 5-5. Values for the T.S.C.F. are shown in Fig. 2. The general 
relationship demonstrated in the earlier experiments is again borne out. Plants 
treated with the more dilute solutions showed the highest values; the reduc- 
tion in the rate of transpiration caused them to be greatly enhanced. Where 
the higher external concentrations were applied the values approached unity and 
were little affected by the rate of transpiration. These results are considered 
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TABLE V 


The effect of variations in the rate of transpiration induced by shading on the 

absorption of phosphorus by young barley and sunflower plants. Summarized 

results for 3 independent experiments. When a logarithmic transformation was 
necessary for statistical analysis the transformed values are italicized 


Dura- 


tion of Concentra- Light 


No. of experi- tionof intensity Transpira- Transpiration stream 
repli- ment phosphorus (foot tion concentration factor 
Plant cates (hours) (p.p.m.) candles) (g.) (T.S.C.F.) 
Barley 4 20 o'r 500 2°4 24 1°38 
orl Nil °"4 108 2°03 
Sig. diff. (1%) 0°27 
Barley 8 24 31 500 73 06 
31 Nil 08 2°3 
Sig. diff. (1%) 0-4 
Sunflower 8 20 o'r 500 6°3 Ir 09 
orl Nil 1'o 50 1°65 
Sig. diff. (1%) o-I0 
31 500 73 o°5 
31 Nil 1'2 o’9 
Sig. diff. (5%) 0-3 
150} 
% 
\ 


Transpiration stream concentration factor 


100}- 











__ eg 100 
External concentration ppm P 
(log scale) 


Fic. 2. Relationship between the external concentration of phosphate and the 
transpiration stream concentration factor in young sunflower plants exposed 


to light of intensity 500 f.c. (open circles) and darkness (solid circles). 
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to be incompatible with the concept that phosphate is passively transferred 
by mass flow in water across the symplast of the root; they are broadly 
similar to those obtained with rubidium. 

In subsequent experiments the effect of the initial phosphate status of the 
plants on the relationship between transpiration and the transfer of nutrients 
to plant shoots was investigated by supplying unlabelled phosphate for 24 
hours immediately before the period in which transpiration and the absorption 
of labelled phosphate were measured. For convenience plants which received 
unlabelled phosphate in the former period are described as of ‘high phosphate 
status’, to distinguish them from the plants of ‘low phosphate status’ which 
received no unlabelled phosphate. In ‘Table VI the results are shown for an 


TABLE VI 


The effect of variations in the rate of transpiration induced by shading on the 
absorption of phosphorus by young sunflower plants of different phosphate status. 
Concentration of labelled phosphate supplied: 31 p.p.m. P. Replication: 6-fold 


Phosphate status of plants Low Hi 
ie, pan, Sig. diff. (5 %) 
Light intensity (foot candles) 500_~=Cfs« Nill 500 Nil 
Transpiration (g.) . ; ‘ : 8-2 I°5 87 19 
Phosphorus content per plant (g.) 
Root . ‘ . . : - 502 342 267 95°8 
Shoot , , ; . _ 2 2a 196 373 
Shoot content as percentage of 
total plant content ‘ . - S41 414 42°4 28:0 7°4 
Transpiration stream concentration 
factor (T.S.C.F.). ; ; . 23 49 o7 «406 
I-36 I60 083 0-78 o-18 


experiment in which the phosphate status of the plants was raised by pre- 
treatment with unlabelled phosphate (31 p.p.m.), transpiration and the absorp- 
tion of labelled phosphate was measured in a subsequent 24-hour period from 
labelled solution of the same concentration. The absorption of labelled phos- 
phate, the fraction of the absorbed phosphate which was transferred to the 
shoots, and the T.S.C.F. were all higher in the plants of low phosphate status. 
When the rate of transpiration was reduced by shading the T.S.C.F. was 
increased in plants of low phosphate status; no such effect occurred in the 
plants of high phosphate status which consistently showed values of less 
than 1. Thus when the phosphate status of the plants is sufficiently high the 
relative rate at which ions are transferred to shoots may be less than that of 
water. 

An experiment of similar design was carried out except that the concentra- 
tion of phosphate in the labelled solution was on this occasion 0-1 p.p.m. P 
(Table VII). The effect of the phosphate status of plants on absorption from 
this dilute solution contrasted with that observed when a high concentration 
of phosphate was applied during the absorption period; shoot content was 
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TaBLe VII 
The effect of variations in the rate of transpiration induced by shading on the 
absorption of phosphorus by young barley plants of different phosphate status. 
Concentration of labelled phosphate supplied: 0-1 p.p.m. P. Replication: 4-fold. 
When a logarithmic transformation was necessary for statistical analysis the 
transformed values are italicized 


Phosphate status of plants Low High 
"in er, 
Light intensity (foot candles) 500_~—Cls Nil 500_—Cs: Nill Sig. diff. 
Transpiration (g.) ; ; ; . 8 26 o6 — 
Phosphorus content per 4 plants: 
(ug-) 

Root ‘ . . ; : ; 8-5 8-3 6-1 5°7 16 (5%) 

Shoot . : ' . ‘ . 2°7 6°1 5°3 0-9 (5%) 
Shoot content as percentage of total 

plant content . ; : ‘ - 3 243 50°0 648-2 — 
Transpiration stream concentration factor 

(T.S.C.F.) ' : ‘ ‘ . 40 24 88 


r08 1-60 1°37. 1:94 0°:20(1%) 


now greater in plants of high phosphate status, though root content was 
reduced. The contrasting effects of phosphate status in this and the preceding 
experiment are compatible with the results of Russell and Martin (1953) who 
showed that the transfer of phosphate to plant shoots could be retarded either 
by a low initial phosphate status in the plants or by low external concentration ; 
increments in either the phosphate status of the plants or in the external 
concentration could increase upward movement. The results in Table VII 
are illustrative of the former effect; the T.S.C.F. exceeded 10 in plants of 
both high and low phosphate status when transpiration was high, and a 3-fold 
increase occurred when transpiration was depressed by the dark treatment. 
In a subsequent experiment the phosphate status of plants was varied by 
applying unlabelled phosphate concentration 93 or 31 p.p.m. P for 24 hours; 
the absorption of phosphate from solutions of concentration 93 or 31 p.p.m. P 
was examined for a subsequent period of 24 hours both in light and darkness. 
The results are shown in Table VIII. The high concentration of phosphate 
applied during the absorption period resulted in low values for the T.S.C.F. 
in all treatments. Marked effects both of the phosphate status of plants and 
of the light treatments were apparent. These are illustrated in Fig. 3 in which 
the T.S.C.F. is related to the quantity of labelled phosphate translocation to 
the shoots. Separate lines are drawn for each combination of phosphate con- 
centration and light conditions imposed during the absorption period. In 
examining these results it is to be borne in mind that the unlabelled phosphate 
which was absorbed during the pre-treatment period, and which was trans- 
located to shoots during the experiment, is not taken into account. The 
T.S.C.F. values were in general highest in the plants absorbing from the more 
dilute solution in the dark, and lowest in those absorbing from the higher 
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concentration of phosphate in the light. Under the latter conditions the values 
were consistently less than 1. The effect of the phosphate status of plants on 
the T.S.C.F. varied greatly depending on the concentration of phosphate and 
light conditions during the absorption period; marked changes were induced 
when 31 p.p.m. were supplied in darkness but the values were relatively 
unaffected when 93 p.p.m. were applied in light. 
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Quantity of phosphate in shoots (mg.) 


Fic. 3. Relationship between the quantity of labelled phosphate translocated to shoots and 

the transpiration stream concentration factor of barley plants which had been pretreated with 

varying concentrations of unlabelled phosphate for 24 hours and then treated with labelled 
phosphate for 24 hours in light or darkness. 


Concentration of phosphate: pretreatment: A, nil; B, 31; C, 93 p.p.m.; treatment: broken 
line, 31; solid line, 93 p.p.m. Light intensity: open circles, 500 f.c.; solid circles, nil. 


It is apparent, therefore, that the relationship between transpiration and the 
transfer of phosphate to the shoot varied in a complex manner depending not 
only on the concentration of phosphate applied and the rate of transpiration 
but also on the initial phosphate status. When conditions were favourable for 
metabolic accumulation across the root against considerable concentration 
gradients (i.e. when the T.S.C.F. was generally high) no consistent relation- 
ship occurred between absorption and transpiration; when, however, meta- 
bolic accumulation caused the concentration in the vascular sap to be similar 
to or less than that in the external medium the rate of transfer of ions across 
the root varied with the rate of transpiration. 


DISCUSSION 


Little claim to novelty can be made for the results here presented; they are 
in large part a repetition and expansion of the findings of Broyer and Hoagland 
(1943). When both the salt status of the plants and the external concentration 
are low, the rate of transfer of ions to plant shoots is independent of the rate 
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of transpiration; the combination of high salt status and high external con- 
centrations can cause the process to vary with the rate of transpiration. The 
use of tracer methods has had the advantage of enabling wider concentration 
ranges to be employed than were previously convenient. It has thus been 
possible to show that when the initial salt status of the plants and the external 
concentration are both low, the concentration in the transpiration stream may 
attain values more than 100 times greater than those in the outer medium. 
When, however, the initial salt status and the external concentrations are high 
the concentration in the transpiration stream may be lower than that in the 
exterior. These observations again are not new. The same tendencies are 
apparent in the results of Kylin and Hylmé (1957). In Table [X values for 


TABLE IX 


Relationship between the transfer of sulphate to the shoots of wheat plants 
and transpiration under conditions of low water loss 


Data of Kylin and Hylmé (1957) 


Concentration of Sulphate 
external solution Water translocated 
Duration (mM. magnesium transpired toshoot Transpiration stream 
of experiment sulphate) (g.) (umol.) concentration factor 
(1) (2) (3) (4) (5) 
3 ‘ 0°05 0°54 0°289 II 
O's 0°48 0°44 18 
5 O°55 1°16 o'4I 
6 0°05 0°68 0°343 10 
0°5 0-74 o-71 19 
5 0°66 2°03 0°62 
9 0°05 0°85 0°335 79 
o's 1°42 0°84 12 
5 "90 26 0°60 


Columns 1-4 from Kylin and Hylmé 1957, Table IV; column 5 calculated by 
method used in this investigation. 


the T.S.C.F. have been calculated from their data for the absorption of 
sulphate by wheat plants under conditions of low transpiration. Values in the 
order of 10 were obtained when dilute solutions were used; with more con- 
centrated solutions, the figures fell below 1. Kylin and Hylmé noted that 
sulphate could be transferred less rapidly than water to plant shoots; no com- 
ment was, however, made on the evidence that the opposite situation did also 
occur. 

The fact that the concentrations of ions in the vascular stele may greatly 
exceed that in the outer medium appears to be clear evidence that ions are not 
able to pass by mass flow across the symplast at a rate comparable to that at 
which they are transferred by active transport. Although the possibility of 
some slight passive movement cannot be excluded it is apparently unimpor- 
tant from the viewpoint of the nutrition of intact plants. 

It is considered that the effect transpiration exerts under certain conditions 
on the transfer of ions from the roots to the shoots of plants was adequately 
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explained in the terms proposed by Broyer and Hoagland: the process whereby 
ions are transferred from the external medium across the root to the vascular 
tissue is not controlled by transpiration but is dependant on the expenditure 
of metabolic energy. The rate of this process can, however, be reduced when 
the concentration in the. vascular sap is sufficiently high; under these con- 
ditions the more rapid removal of ions from the vascular tissue of the root 
caused by enhanced transpiration may increase the rate of the overall process. 

When the conditions are such that an alteration in the rate of transpiration 
affects the quantity of ions which reaches the shoots it is possible by calcula- 
tion to assign the nutrient which reaches the shoot into two components, 
namely, that which would be translocated in the absence of transpiration and 
the extra quantity which is translocated as a result of water movement at a 
given rate. The evidence here considered indicates, however, that such calcu- 
lations provide no basis for assuming that the two components have been 
transferred across the root by different mechanisms. For this reason the con- 
clusions of Hylmé6 with regard to passive and active components in transport 
appear unacceptable. If sufficiently precise data were available a mathematical 
analysis of this type would provide information on the effect of the ionic 
concentration within the vascular stele on the process of active transport 
across the symplast; it is, however, doubtful whether the available data are 
sufficient to warrant this treatment. 

Although the results here discussed indicate the existence of a barrier which 
offers high resistance to the passage of ions across the symplast of plant roots 
no direct experimental evidence as to the location of this barrier is available; 
anatomical studies, however, suggest that the endodermis is its probable 
location. 

Since some recent suggestions that ions are transferred passively across 
plant roots (Epstein, 1956 a,b; Kramer, 1956) have been largely encouraged by 
the concept of ‘apparent free space’, it is relevant to note that the interpreta- 
tion here advanced in no way disputes the existence of considerable zones of 
cytoplasm through which ions pass relatively freely by Donnan diffusion. It 
implies merely that the cytoplasm of a specialized zone of cells in the root, 
presumably the endodermis, differs from the normal cortical cells with respect 
to the resistance it offers to the free passage of ions. Within a single cell a 
similar contrast is widely regarded as existing between the cytoplasm which 
constitutes the tonoplast and that which lies to the exterior. 

Because of the very wide differences in the relationship between transpira- 
tion and the transfer of ions to plant shoots which can be induced by variation 
both in the nutrient status of plants and in the external concentration it is 
apparent that intraspecific differences in this respect can be established only 
if plants are studied under comparable conditions; experimental results which 
show different relationships between transpiration and the transport of 
nutrients in different plant species may refiect contrasting physiological con- 
ditions in the experimental material rather than inherent intraspecific differ- 
ences in the mechanism of ionic transport. 
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SUMMARY 

Previous experiments with the short-day plant Kalanchoe blossfeldiana have 
shown that long days interspersed in a period of short-day induction exert an 
active inhibition on flowering, each long-day annulling the effect of approxi- 
mately two short-days. The present experiments establish that three other short- 
day species—Biloxi soybean, Perilla ocymoides, and Chenopodium amaranticolor— 
are similarly inhibited. It is also shown that the inhibition appears to act by 
making the short-days immediately succeeding the long-day ineffective, rather 
than by destroying previous induction. 

In other experiments with Kalanchoe large temperature effects in light or dark- 
ness on the promotive and inhibitory reactions are demonstrated. A repetition of 
Harder and Giimmer’s experiment was successful and confirmed that as little as 
one second of light per day is sufficient for flowering in Kalanchoe; no flowering 
occurs in complete darkness. 

Explaining earlier results in Kalanchoe a hypothetical scheme was postulated 
according to which induction of short-day plants leads to the formation of an 
adaptive enzyme, which is subject to inhibition by a substance formed in long- 
day conditions. From this scheme a change of critical daylength could be pre- 
dicted as the result of partial induction. Two experiments set up to test this point 
indicated that there is in fact such a shift, thus supporting the hypothesis. 


INTRODUCTION 


SINCE the early investigations of Long (1939) it has been known that long- 
days' have a detrimental effect on the flowering of short-day' plants, not merely 
by preventing flowering when given continuously, but also when interrupting 
a run of inductive SD’s. The problem of the effects of LD on SD induction 
has also been studied in Kalanchoe blossfeldiana by Harder and co-workers 
(e.g. 1953 a, b) who concluded that LD’s have an inhibitory effect. Carr (1955) 
compared the effects of such interruption of the induction periods in LD and 
SD plants, and confirmed Snyder’s (1948) observation that LD plants can 
be induced successfully even with quite long periods of interruption, though 
very long interruptions also affect flowering detrimentally. 

A quantitative assessment of the effect of intercalated LD’s in a period of 
SD induction was made by the author (1956) using Kalanchoe blossfeldiana. 
This well-known SD plant is particularly suited to such studies since the 
numbers of flowers produced bear a quantitative relationship to the amount 
of induction received. 


? The terms ‘short-day’ and ‘long-day’ are abbreviated below to SD and LD. 
Journ. of Experimental Botany, Vol. 10, No. 29, pp. 317-29, June 1959. 
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The present study extends these investigations to other SD species in an 
endeavour to assess the generality of the effect. In addition results of experi- 
ments are presented which aimed at characterizing further the probable 
reactions involved. 

The study of these effects is clearly of considerable importance to any 
theoretical interpretation of photoperiodic responses. Already from the 
previous work (loc. cit.) it would seem clear that in Kalanchoe at least flower- 
ing is not merely controlled by the presence or absence of promotive effects, 
but also by inhibitions built up in unfavourable conditions. Clearly, therefore, 
each ‘photoperiodic cycle’ can no longer be considered in isolation as has been 
done in most theoretical work, for its effect depends on the previous history of 
the plant. 


EXPERIMENTAL 


Little need be said about the methods adopted. Of the plant material used, 
Kalanchoe’ plants were derived as cuttings from a clonai stock, Glycine Soja 
(var. Biloxi), Perilla ocymoides, and Chenopodium amaranticolor from seed. In 
most experiments the plants were grown under controlled temperature condi- 
tions in growth chambers, briefly described previously (1957). 

Unless otherwise stated ‘short-days’ consisted of 8 hours’ daylight followed 
by 16 hours’ darkness. ‘Long-days’ were made up of 8 hours’ daylight and 8 
hours’ low intensity incandescent light followed by 8 hours’ darkness. 

The experiments to be described fall naturally into four groups: 

(a) Those confirming the fact that in several species inhibition is built up 
in LD, and measuring its quantitative effects. 

(6) Those indicating that this inhibition acts on succeeding SD treatment, 
making it partially ineffective. 

(c) A more detailed study of the light and dark reactions, especially as 
regards their temperature coefficients and the minimum effective light dura- 
tion. 

(d) Experiments designed to test the hypothesis (Schwabe, 1956), that 
‘induction’ leads to the evolution of an adaptive enzyme, which mediates the 
production of a flower-inducing substance, but whose activity and multiplica- 
tion are prevented in LD by an inhibitor. 


(a) Long-day inhibition. 

In the first set of experiments plants of Perilla ocymoides and Biloxi soybean 
were given a range of continuous SD induction periods to provide a calibration 
curve (i.e. degree of flowering v. days of induction) for another group of treat- 
ments in which a fixed number of SD’s were given discontinuously, being 
split up into groups by different numbers of symmetrically intercalated LD’s. 
The effect of increasing numbers of such intercalated LD’s could thus be 
determined quantitatively by the degree of flowering. In Perilla, flower counts 
are not very suitable for such a purpose and the number of plants induced to 


* Originally derived from seed kindly donated by Professor Harder. 
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flower at all probably furnishes a better estimate. In soybean the number of 
flowering nodes is very suitable as such a measure (Table I). 

Though the degree of flower induction cannot be estimated as satisfactorily 
in soybean or Perilla as in Kalanchoe, it is still possible to determine from the 
calibration data the period of continuous induction to which each of the inter- 
ruption treatments corresponds. 

This then yields a value for the number of inductive SD’s annulled by each 
of the intercalated LD’s (e.g. 2-2 days in soybean: see Table I). Similarly in 
Perilla, where a quantitative assessment is much more difficult, it is clear from 


TABLE I 


Effect of different numbers of inductive SD’s on the flowering of Biloxi soybean 
in comparison with the effect of different numbers of LD’s intercalated between 


12 SD’s 
Number of Number of 
inductive nodes % of nodes 
cycles dissected flowering 
12 59 86-4 
9 54 83°3 
6 63 50°0 
3 65 15 
2 57 1°8 
Mean annulling effect: 
Equivalent Number of Number of 
Number of number of SD’s SD’s 
intercalated days of un- = annulled annulled 
LD’s interrupted per LD 
induction 
I 66 77°3 8°5 3°5 3°5 
2 54 78-7 8-6 3°4 1-7 
3 60 46°7 5°8 62 2°1 
5 61 34°4 5°0 7° 1"4 
II 62 ° ° (12°0) —_ 
Mean: 2:2 
TABLE II 


Effect of different numbers of inductive SD’s on the flowering of Perilla in 
comparison with the effect of different numbers of LD’s intercalated between 


12 SD’s 
Mean number of 
Number of Mean number of days to budding 
inductive Proportion of flowers per plant (excluding vegetative 
cycles plants budded (first count) plants) 
12 4/4 15 33°8 
9 4/4 14 34°3 
6 o/4 ° — 
Number of inter- 
calated LD’s in a 
series of 12 SD’s 
I 4/5 17 33°5 
2 4/4 12 39°3 


3 0/4 3 - 
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Table II that 3 LD’s intercalated among 12 SD’s prevent flowering altogether, 
approximately the same result as is given by 6 uninterrupted SD’s. This again 
indicates that each such LD annulls the effect of about 2 SD’s. 

From these results it appears that the inhibition caused by 1 LD in both 
these species is equivalent to the annulment of roughly 2 SD’s—practically the 
same value as was found earlier for Kalanchoe. 

Clearly, however, the example of Xanthium pennsylvanicum, which can 
flower after only 1 long dark period even if this is preceded by a very long 
photo-period, is proof that there must be quantitative differences among 
different SD species. 

Chenopodium amaranticolor generally behaves similarly to the other three 
SD species investigated, but here too the maximum inhibition is less and even 
when SD’s and LD’s are alternated there is some flower induction (Treatment 


S/L in Table IIIc). 


(6) The effect on the succeeding short day. 


As with Kalanchoe blossfeldiana (Schwabe, 1956) the question arises whether 
the inhibition is due to destruction of the promoting effect of previous SD’s 
or whether it prevents the succeeding SD’s from becoming promotive. As 
before, the technique adopted to decide the question was to use the treatment 
of alternating SD’s and LD’s, which practically prevents flowering altogether, 
and to interpose in it a ‘neutral’ period in two different ways, so as either to 
protect the previous SD from the effects of the following LD, or to allow the 
inhibitory effect of the LD to disperse before giving the next SD. A 24-hour 
period of dark (24D) was used as a neutral period and the following sequences 
adopted; sequences 3 and 4 served as controls. 


1st cycle 2nd cycle 





_— 


(1) S/24D/L//S... 
(2) S/L/24D//S... 
(3)  S/24D//S... 
(4) S/L//S... 


The results of this experiment with Perilla and Biloxi soybean are shown in 
Table III a and b, from which it is very clear that a 24-hour dark period 
preceding the next SD allows induction to proceed, while the same dark 
period has no effect if given following the SD. This result is identical with 
that obtained previously with Kalanchoe (Schwabe, 1956) and suggests 
strongly (though it is realized that it does not prove) that the inhibition acts 
not by destroying previous promotion but by preventing succeeding SD’s 
from being inductive. In Chenopodium again the same situation prevails but 
in view of the reduced amount of inhibition the quantitative differences 
between treatments are smaller (Table IIIc). 

As has been shown for Kalanchoe, the inhibition does not, however, con- 
tinue to build up over a series of LD’s, and there must be an upper limit which 
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is probably reached after only one or perhaps a consecutive pair of intercalated 
LD’s. This is also obvious from the fact that prolonged previous exposure to 
unfavourable daylengths does not altogether prevent subsequent SD induction. 

These results then establish that the LD inhibitory effect is not specific to 
Kalanchoe but that other well-known SD species respond very similarly 
indeed. 


TABLE III 


Effect of 24-hour dark periods preceding or following LD’s, themselves alternat- 
ing with SD’s. 12 cycles 


(a) Perilla ocymoides 
Treatment Proportion of plants 
Ist cycle flowering Leaf number increments 
GEE, 
S/24D/L//S... 0/10 10°3 veg. 
S/L/24D//S... 12/12 3°4 fl. 
S$/24D//S... 8/8 1°4 fl. 
S/L//S... 0/10 11°6 veg. 
(5) Glycine soja var. Biloxi 
Treatment Proportion of Number of nodes Number of nodes 
Ist cycle plants flowering dissected with flower buds 
nin, 
S$/24D/L//S... 4/11 137 4 
S/L/24D//S... 10/10 102 go 
S/24D//S... 9/9 82 44 
S/L/S//... 1/10 110 2 


(c) Chenopodium amaranticolor 
Ten replicates. All plants budded eventually in all treatments. 
Leaf number 


Treatment increment to Days to Height increment 
Ist cycle budding budding to budding (cm.) 
P reggae 
$/24D/L//S... 14°8 26-9 14°! 
S/L/24D//S... 13°3 22°1 g’r 
S/24D//S... 12°9 21°5 9°6 
S/L//S... 15°6 319 22°2 
S.E. of mean +0°44 +0°33 +0°84 


(c) The effect of temperature and minimum photoperiod. 


In further experiments designed to investigate these responses in more 
detail Kalanchoe blossfeldiana was again used, since it is so amenable to 
quantitative determination. In order to characterize the individual promotive 
and inhibitory reactions, different temperatures were given. The temperatures 
used in these instances were 25° C., which is near the optimum, and either 
12°5 or 15° C. lower. In the first experiment temperatures in the light and 
dark periods were varied separately (a) during ordinary SD induction and (5) 
during the light and dark of the intercalated LD’s, the SD’s themselves being 
at the higher ‘optimum’ temperature. 

The results of this experiment are shown in Table IVa, and the very large 
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effect of temperature during induction is clearly seen from the flower numbers. 
A 15° C. reduction of temperature in the daily 16-hour dark period diminished 
flower numbers by 94 per cent.; low temperature during the 8-hour photo- 
period also caused a large reduction, i.e. over 50 per cent. 

Conversely, reduction of temperature during either the 16-hour photo- 
periods or the 8-hour dark periods of three intercalated LD’s caused a very 
considerable reduction of the inhibition; not only were all ten replicates able 
te flower, but also the mean flower number was increased some 13-16 times 


(Table IVS). 
TABLE IV 


Effects of temperature 


(a) Effect of temperature during light or dark periods of fourteen inductive cycles, 
8 hours light, 16 hours dark. 

(5) Effect of temperature during the light or dark periods of three LD’s intercalated 
singly between a total of twelve SD’s; i.e. after the 3rd, 6th, and 9th SD’s. The SD’s 
were given at 25° C. throughout. 

(c) Effect of temperature during 24-hour dark period (24D) following or preceding 
LD’s (L) which are alternating with SD inductive cycles (S). A total of twelve such 
composite cycles was given. 

Kalanchoe blossfeldiana 


Proportion Number of Days to 


Temperature during of plants flowers budding 
Light Dark flowering per plant from start 
(a) as’ C. as’ C, 10/10 182°4 18°8 
as’ CC. zo” C. 10/10 10°9 24°3 
12-13° C. as’ <. 10/10 gor! 20°0 
(d) as’ C. as° C. 2/10 o'8 24'8 
as’ C. 10° C, 10/10 13°4 23°8 
12-13° C. 25°C. 9/9 10°3 23°2 
(c) Order of Temperature 
cycle during 24D 
S/L/24D//S... as” C. 10/10 223°0 40°4 
S/L/24D//S... 10° C, 10/10 95°9 39°1 
$/24D/L//S... as® C. 0/10 ° —_ 
S/24D/L//S... s@° C. 2/10 0.3 50°3 


The effect of temperature on the efficiency of neutral 24-hour dark periods 
interposed between alternating SD’s and LD’s (see above) was also investi- 
gated, and here too a very large drop in flower numbers was recorded if the 
24-hour dark periods were given at 10° C. instead of 25°C. when following the 
LD’s and preceding the SD’s in the composite cycle (the position in which 
they are effective). However, there was practically no temperature effect 
when the 24-hour dark periods followed the SD’s and preceded the LD’s 
(cf. Table IVc). 

Apart from temperature, effects of light intensity and photoperiod on 


Kalanchoe were investigated previously especially in relation to the critical ° 


daylength (Schwabe, 1954), the length of which was found to be affected very 
much by light intensity. Exposure to low intensity light for some hours prior 
to the dark period increases the dark requirement, i.e. it changes the critical 





~~ 
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daylength—an effect which can amount to as much as 1 hour. It was also 
shown that this effect was not due to reduced photosynthetic activity, since 
reduction of the full light period was actually beneficial to flowering under 
these circumstances. 

A further relevant experiment with Kalanchoe is that of Harder and Giim- 
mer (1947) in which the daily photoperiod was reduced to as litile as one 
second of daylight and still effectively caused flowering, although controls in 
continued darkness remained vegetative. In view of its importance this in- 
teresting experiment has been repeated, but using a 150-watt incandescent 


TABLE V 


Effect of mimimum daily illumination (1 second from 150W incandescent lamp) 
on the flowering of Kalanchoe blossfeldiana compared with complete darkness. 
Duration of treatment 6 weeks at 17° C.+-2° C. 12 replicates 


Daily light flash Complete dark 
Leaf number increment at 


end of 6 weeks’ treatment . 3°5 34 
Height increment (cm.) after 

6 weeks ’ ? 3°02 4°98 
Proportion flowered . ‘ 4/12 0/12 
Mean flower number per 

budded plant : ‘ 65°5 —_ 
Days to flowering ‘ : 59°2 — 


lamp placed about ro in. from the top of the plants as light source instead of 
daylight. The lamp was switched on daily for about 1 second. The average 
temperature during this experiment was kept constant at 17° C. and the 
maximum variation throughout the whole 6 weeks of treatment was only 
+2° C. At the end of this period the young leaves of the dark-treated series 
were quite white, and those of the light-flash-treated series a bright yellow. Also, 
these plants showed a very marked phototropic bending towards the lamp. 
The amounts of growth made during the period (leaf number increments 
and growth in height) are shown in Table V, as well as the proportion of plants 
which flowered, the time taken to do so and the mean number of flowers 
produced. The results confirm those of Harder and Giimmer; one-third of 
the plants given light flashes having budded some time after the end of 
treatment with fairly high flower numbers, while none did so in the dark 
controls, though all of these survived perfectly. 

It appears certain therefore that in Kalanchoe some light is needed to allow 
the induction reactions to proceed, but the requirement is very little and 
obviously much too small to be explained by a need for photosynthesis. 


(d) Predictions from t.:eory. 
When the inhibition effects, &c. were first established with Kalanchoe, an 


attempt was made to explain the complex set of responses in terms of steps of 
a hypothetical reaction chain. 
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To account for the quantitative relations of the LD inhibition a theoretical 
scheme was suggested involving both promotive and inhibitory agents 
(Schwabe, 1956). Very briefly, the main assumptions of this scheme are that 
as the result of inductive treatment an adaptive enzyme (E) is formed which 
mediates the production of a flower-promoting substance. The effect of LD, 
it was suggested, could be due to the production of an inhibitor (/) in the light, 
which combines competitively with the enzyme thus making it ineffective as 
well as preventing its multiplication. The experimental facts also made it 
necessary to postulate a maximum level to which J could be accumulated, as 
well as a regular loss of J in the dark leading to dissociation of E/, thus freeing 
E which could then catalyse the promoting reaction. 

The most important postulate in this reaction scheme is that of the multipli- 
cation of the enzyme E in SD plants. If this really occurs some consequences 
(other than those which led to the formulation of this idea) may be predicted. 
One such consequence would be that, as more E is present after some SD 
induction than there was initially, the moment in the dark period when EJ 
begins to dissociate and liberate some E (due to removal of J) will be reached 
rather sooner than was the case at the beginning of treatment when E was at 
its minimum. In other words, the critical dark period should become shorter 
with increasing induction, and normally ineffective ‘near-critical’ daylengths 
should themselves become inductive if given after some SD treatment (i.e. at 
a time when E has begun to multiply)—an effect that should be detectable. 

Also, according to the present scheme only a little or no inhibitor would 
have accumulated if SD induction treatment were preceded by photoperiodic 
conditions near the critical daylength, i.e. conditions under which the in- 
hibitor level J is only just in excess of E at the ena of the dark period. In these 
circumstances SD treatment should become effective at once without any lag. 

Two experiments set up to test for any such shift in the critical daylength of 
Kalanchoe blossfeldiana may now be described. 

In the first the following daylengths were given throughout a period of 
20 cycles to five control treatments: 11 hours, 114 hours, 12 hours, 124 
hours, and 13 hours. At the end of this period all plants were returned 
to continuous light. Two other sets of treatments consisted of only 4-day 
periods in these same daylengths. In the first group plants were treated 
initially to 11-hour days and after four cycles were transferred to the next 
longer daylength; this process was repeated with each daylength in turn so 
that altogether 20 days of such treatment were given. A set of plants was 
returned to continuous light at the time of each transference, so that one set 
received merely 4 days of 11 hours, another set 4 days of 11 hours plus 4 days 
of 114 hours, and so on. 

The second group of treatments was similar except that here the longest 
daylength (13 hours) was given first, the plants being transferred always to — 
the next shorter daylength. 

The results of this experiment, expressed as numbers of flowers per plant 
and days to budding are shown in Table VI. 
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The well-known fact that a 12-hour day represents approximately the 
upper critical daylength for Kalanchoe is clear from the controls, in which 
flowering is much reduced in 12-hour days and above this flowering is 
practically entirely suppressed in longer photoperiods. From the flower 
numbers in the first group of experimental treatments (ascending series) it is 
also clear that flowering increases as further photoperiodic cycles are added, 
a result which would be expected on any theory as long as the cycles are 
shorter than the critical daylength. The fact that only 4 days of 12 hours 
(treatment 8) added to 8 somewhat shorter days (treatment 7) caused flower 


TABLE VI 


Change in critical daylength, i.e. daylengths exceeding the critical maximum 
becoming inductive as a consequence of previous treatment with shorter daylengths. 
Kalanchoe blossfeldiana. Zo replicates 


Mean 
number 
of 
Treatment Daylength flowers Days to 
number in hours per plant budding 
I II 81°3 19°4 
2 20 days with constant photo- 11} 66°5 20°3 
3 Controls periods of 12 142 22°3 
4* 12} o"4 51°3 
5* 13 ° oe) 
. 
v2 Ascending 4 days each at increasing day- ; ; 1 #4 pres 
2 series lengths always beginning mo : 4 * 
with 11-hour days and 5°9 . 
9 ending with 4 days at 12} 13°0 pre 
10 13 17°8 20'8 
-- Descending 4 days each at decreasing day- oa } a ail 
e series lengths always beginning 3 
13 . 12 or! (44) 
14° with 13-hour days and 123 . = 
15* ending with 4 days at 124 pe e 
S.E. of mean (excluding treatments marked *) +13% +14 


of mean days 


numbers to be doubled is already an unexpectedly large effect. But a further 
approximate doubling of flower numbers when 4 additional days are given at 
124 hours (treatment g) is a clear indication that there has been a shift in the 
critical daylength, and that four 12}-hour days can be inductive if following 
on some previous SD treatment, while twenty such days by themselves 
(treatment 4) have practically no effect. Finally even 13-hour days (treatment 
10) appear to have caused a further rise in flower numbers. 

If on the other hand the same daylengths are presented in the reverse order 
(descending series, treatment 11) i.e. starting with 13-hour days and ending 
with 11-hours, then the number of flowers produced is approximately 
equivalent to treatment 8 which had 4 days each at those daylengths only, 
which are directly inductive in the controls, i.e. treatments 1, 2, and 3. 





Ee 
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It would seem therefore, that previous induction has caused a real shift in 
the critical daylength, as predicted. 

In the second experiment SD induction (114-hour days) was given for 
different numbers of cycles (4, 7, 10, 13, 16, and 19). These treatments were 
given by themselves (Series A) and also either followed (Series B) or preceded 
(Series C) by a fixed period of 14 days with a 12}-hour photoperiod. A 
further control set was kept in 124-hour days for the whole maximum treat- 
ment period of 33 days. 

The flower numbers attained by the various treatments are shown in Table 
VII. 

Tas_e VII 
Effect of 124-hr. days before and after induction 


Number of flowers per plant 





Series A Series B Series C 
Without 12}-hr. days 14 X 12$-hr. days 14 X 12$-hr. days 
Days with 114 hrs. before or after after before 
photoperiod induction induction induction 
4 "22 0°22 oo 
7 orl 2°33 0°88 
10 1°00 11°8 6°33 
ae 9°33 26°9 20°5 
16 23°0 714 37°9 
19 34°8 102°9 88-6 
Control, 33 days with — — 
12}-hr. photo- 
periods 
S.E. of mean oo 5°5% of mean 


The 12}-hour controls did not flower at all even after 33 days in this 
daylength. In all three series with 11}-hour days increasing numbers of 
flowers are seen as the number of inductive cycles increases, as would be 
expected. The series in which fourteen 12}-hour days preceded the SD 
(Series C) produced more flowers throughout than the set without such treat- 
ment (Series A), and this effect is clearly due to the reduced inhibition at the 
start of treatment. Previous work (see also above) has shown that approximately 
2 SD’s are ineffective when immediately following LD conditions. If this 
value is applied as a correction to the figures, series ‘A’ and ‘C’ practically 
coincide. 

By contrast, in series ‘B’ SD followed directly after continuous light and no 
such correction need be applied. Hence the difference between corresponding 
treatments of the ‘A’ and ‘B’ series are due to the after-treatment with 
12}4-hour days. They are very considerable and also exceed the effect of 
eliminating the prior LD inhibition (Series C). Hence there seems little doubt _ 
that treatment with daylengths actually exceeding the critical length was in 
fact inductive, when following on SD. Quantitatively, fourteen such days at 
124 hours, after previous SD, were roughly equivalent to almost four addi- 
tional 114-hour SD’s (estimated graphically). 
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DISCUSSION 


The present data obtained with several SD requiring species clearly establish 
that the processes leading towards flowering are subject to an active inhibition 
created by LD treatment and are not merely arrested. It seems likely that 
this effect is due to the formation of an inhibitory substance, as was postulated 
previously (Schwabe, 1956). 

In three of the species investigated, Biloxi soybean, Perilla, and also Kalan- 
choe, the inhibitory effect of one LD is roughly equivalent to the positive 
induction of 2 SD’s, i.e. 1 LD can annul the effect of 2 SD’s. Evidence from 
those experiments in which a ‘neutral’ 24-hour dark period was interposed 
between LD’s and SD’s, suggests strongly that the inhibition acts not by 
destroying the effects of previous induction, but rather by preventing the 
inductive mechanism from acting subsequently until the inhibition has 
been dispersed. An alternative explanation, that the product of previous 
induction becomes subject to photodestruction only after the period of 
illumination of the succeeding day exceeds a certain maximum, would seem 
highly improbable, as this would fail to account for the effect of a short light 
break. Other experiments and general observations, however, imply that the 
inhibition level cannot rise indefinitely, but only reach a relatively low 
maximum. 

Thus it now seems certain that in the induction of flowering in SD plants 
at least two processes are involved; (a) the evolution of a promotive effect 
(substance?) which is the factor translocated by grafting, and which forms the 
main prop for the hormone theory of flowering, and (5) an inhibitor which 
interacts with the promotive effects and blocks or limits their production. 
The whole mechanism would appear to be a finely balanced system, with 
quantitative limitations to the possible extent of inhibition. The fact of the 
existence of inhibition must now be included in theoretical explanations of 
photoperiodic responses. Obviously it is no longer possible to consider each 
photoperiodic cycle as a separate unit, and the previous daylength history of 
the plant must be taken into account. It seems very probable that the same 
processes which cause the production of inhibition as a result of LD or 
light-break treatment occur also during the favourable SD’s and hence that 
even the promotive effect of a SD represents a balance of effects; any analysis 
of the primary light and dark reactions must include both these aspects. 

Quantitatively, it seems improbable that the estimate of 2 SD’s annulled for 
each LD has any general application. In Chenopodium, which was rather less 
fully investigated in this respect, the inhibition must be smaller (Table IIIc), 
and obviously that much investigated plant Xanthium pennsylvanicum must 
also have a much lower maximum level of inhibition. Nevertheless even in 
this plant it would seem probable that the inhibition mechanism is not 
entirely absent. 

As regards the more detailed investigations, it appears that although light 
must be closely involved with the inhibitory processes, some light is necessary 
also for the promotive reaction chain—even if in minute amounts only. The 
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successful repetition of Harder and Giimmer’s experiment is evidence for 
this. 

The effects of temperature during the light and dark periods on the 
promotive reactions of SD, on the inhibitory effects of intercalated LD’s and 
on the ‘neutralizing’ effect of 24-hour dark periods on the inhibition have also 
been studied in Kalanchoe. It is difficult to derive useful estimates of Q,. for 
these processes in view of the fact that the flower numbers in Kalanchoe 
increase exponentially in relation to length of induction period over most of 
the range investigated. A rough quantitative comparison has been attempted, 
however, by estimating the relative efficiency of the various conditions in pro- 
ducing or suppressing flowering in terms of days of induction. For this purpose 
a regression calculated for the log. of flower numbers on the days of induction 
derived from a previous series of treatments, was used. In this manner the 
positive and negative effects can be expressed as equivalent to days of in- 
duction at standard temperature per degree C. The results are as follows: 

Short-day equivalent of promotive or inhibitory effect lost on cooling from 
25° C, to 10-12°5° C.: 


In 16-hour dark period of SD: 0°52 days/°C. 
» 8-,, light ,, » SD: 0°40 days/°C. 
oo 8 » GEE we ,», intercalated LD: 0°23 days/°C. 
oi « .ee« én - LD: 0°24 days/°C. 
»» 24- ,, ‘neutral’ dark period: 0.34 days/°C. 


Finally, the hypothetical scheme put forward in explanation of earlier data 
with Kalanchoe has to be considered (Schwabe, 1956). The present data do 
not appear to invalidate the 1956 scheme but rather confirm that such a 
mechanism may actually exist. In fact, the central assumptions (that induction 
leads to the adaptive formation of an enzyme catalysing the promotive factor, 
and that the inhibition interferes with the formation and functioning of this 
enzyme) have allowed predictions to be made which have stood up to experi- 
mental test. 

Two experiments have demonstrated that daylengths well above the critical 
length can in fact have an inducing effect—provided the plants are already 
partially induced. Without some previous induction treatment they are, of 
course, quite ineffective. 

One of these experiments (Table VII) also indicates that the inhibitory 
effect of LD’s preceding SD induction is reduced when their length is only 
a little above the critical (cf. also Harder and Biinsow, 19536). 

Since these results were predicted from the scheme put forward by the 
author in 1956 they strengthen the case for the existence of a hypothetical 
adaptive enzyme formed during inductive treatment and for its interaction 


with an inhibitor. Nevertheless, only further work on the system, and ~ 


especially of course extraction of the inhibitory agents, can ultimately prove 
the possible validity of the scheme. It is interesting in this connexion to 
note that Harder and Biinsow (1958) found gibberellic acid to have an 
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inhibitory effect on flowering of Kalanchoe, an effect which resembles that 
of the auxins (Harder and van Senden, 1949). 

To accommodate the facts presented in this paper the scheme suggested 
in 1956 appears adequate; but a comprehensive scheme which would account 
also for the requirements of the other photoperiodic categories, and their 
differences in behaviour, could probably be developed from the present one. 
This cannot be attempted here, but it is hoped to present such a comprehen- 
sive scheme elsewhere. 
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On the Minute Size of Mitochondria 


D. C. SPANNER 
Botany Department, Bedford College 


SUMMARY 


In very small systems chemical reactions may, it is suggested, take on a 
periodic or oscillatory character. This would mean that organelles such as mito- 
chondria might become the centre of elastic and electromagnetic radiations. 
This possibility has consequences relevant to the problems of ion uptake, cell 
microstructure and protein synthesis, amongst other things. 


Many years ago the famous physical chemist, G. N. Lewis, speculated on the 
possibility that bacteria, because of their minute size, might be immune to 
the implications of the Second Law of ‘Thermodynamics. I am not aware that 
he carried his speculations very far, but the subject of the possible importance 
for living things of the very small size of some of their reacting systems has 
been raised in a new way by the revelations of the electron microscope. Mito- 
chondria, for instance, have been shown to be not merely small in themselves, 
but also, especially in animals, very highly subdivided by membranes which, 
so far as one can judge at the moment, would seem to be of a more or less 
isolating nature. In plants the chloroplasts have an even finer structure; and 
frequently the cytoplasm itself is intersected by an elaborate membrane 
reticulum. The ultimate reacting systems which can be considered as at least 
relatively isolated by membrane barriers may therefore be very small, in 
mitochondria perhaps about 70 A wide, and in chloroplasts considerably less. 
Since the diameters of typical metabolic molecules are of the order of 3-10 A 
(carbon dioxide is about 3-25 A, sucrose about 1o A) it is not possible 
to pack a very large number of them in at once; and this raises the question 
as to whether or not the small size of the systems introduces any effects which 
we shall miss if we confine our attention to macroscopic ones. I should like to 
put forward the tentative suggestion that it does, and that one at least of the 
effects is that chemical reactions in mitochondria and chloroplasts take on a 
periodic or oscillatory nature. Before, however, I discuss the possible conse- 
quences I must attempt to justify this suggestion. 

Periodicity. Among the processes with which we are familiar periodicity is 
a very common phenomenon. It is probably best known in vibrating mechani- 
cal systems like the clock pendulum; but it is also familiar in electrical circuits 
and in connexion with sound and waves of the sea. But there are some pro- 
cesses in which it rarely, if ever, seems to put in an appearance. Diffusion and 
thermal conduction never ordinarily show an oscillatory nature, nor does 


chemical reaction (the Liesegang ring phenomenon represents a periodicity ° 


in space rather than in time). Why should this be so, since in the last resort 
the behaviour of all systems depends on the same fundamental properties of 


the ultimate particles? 
Journ. of Experimental Botany, Vol. 10, No. 29, pp. 330-336, June 1959. 








alee NS Milla Ah tat ot Hi et be 

















Spanner—On the Minute Size of Mitochondria 331 


In trying to find an answer to this question it may be helpful to start with 
some fairly familiar facts. In the first place systems showing oscillatory be- 
haviour of a very perfect kind can always have this characteristic quite 
obliterated by a suitable change in their circumstances. A pendulum, for 
instance, ceases to show periodicity if it is immersed in thick oil; it simply 
moves with decreasing speed to its position of rest without overshooting the 
mark. Similarly the suspended coil of a galvanometer, which normally swings 
backwards and forwards quite freely, can be made to move quietly to its 
position of rest without reversal of motion by shorting the terminals with a 
low enough resistance. What has been done in both these cases is that 
irreversible processes, of the nature of friction, have been raised to a higher 
level. As a matter of fact it can be shown that there is a perfectly definite level 
for these frictional forces such that if they exceed it the motion ceases to be 
oscillatory; while if they fall below it periodicity is still apparent. This per- 
missible level rises with the mass of the vibrating system, and with the 
strength of the elastic forces constraining it. 

In the second place it is well known that periodicity is commonly most 
perfect when the syste operates with the smallest number of degrees of 
freedom. That is why the pendulum bob of a clock is carried by a rigid rod, 
instead of by a flexible cord or chain of links. The latter of course introduce 
new degrees of freedom, and even if initially the chain swung as a unit sooner 
or later some of the kinetic energy of the motion would have penetrated these 
degrees of freedom and the links would be rattling about among themselves. 
In order further to limit the possibilities the pendulum rod is suspended not 
by a short cord but by a strip so that it can swing in only one plane. 

The implications of these facts would seem to be fairly clear. Systems 
commonly show periodicity when the number of degrees of freedom called 
into play is small; and further, when the vibrating part is relatively heavy and 
stifly supported. Both of these factors encourage a slowing down of the 
thermodynamically irreversible processes relative to the reversible ones, and 
both are relevant to the subject under discussion. Thus, a pendulum and its 
support can be considered as a single molecule with just one degree of free- 
dom; further, it is designed to be heavy compared with the other molecules, 
usually those of the air, which react energetically with it. As a result its 
periodicity is very perfect. On the other hand we have such cases as those 
presented by diffusion, or by chemically reacting systems. Here, on account 
of the enormous numbers of molecules involved the number of degrees of 
freedom is very large and the irreversible dissipation of kinetic energy liable 
to be correspondingly high; further, there is nothing massive enough to store 
sufficient kinetic energy to outweigh dissipation. 

But in a very minute reacting system the balance might well be different. 
It is not difficult to envisage diffusion as overshooting the mark, and moment- 
arily building up a concentration gradient in a direction the reverse of the 
initial one, and the process being repeated a number of times with diminishnig 
amplitude. Nor, I think, is it difficult to think of something similar happening 
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to a chemical reaction. And one would expect the oscillations to be longer 
sustained and more perfect in character if the molecules or radicals principally 
concerned were heavier than the majority, such as, for instance, might be the 
case if a high energy phosphate group was split off, or even if an oxygen 
molecule was energetically attacked. There is no doubt that this idea needs 
to be looked into much more thoroughly before it can be finally accepted; 
but I think it is plausible, and I propose at this point simply to take it for 
granted and to try to work out its implications. 





PROGRESS QF 
REACTION 








TivME —>— 
Fic. 1 

The mitochondria are, of course, the seat of numerous and very important 
biochemical reactions. Let us assume that one or more of such chemical reactions 
is in progress, pursuing an oscillatory course with the amplitude sustained by 
a relatively slow overall progress in the reaction (Fig. 1). Then we should 
have to consider the mitochondrion as the centre of two sorts of radiations. 
In the first place there would be electromagnetic waves. The oscillations 
would clearly be slower than those giving rise to ordinary thermal radiations 
which are due to the vibrations of atoms, since larger units would normally be 
involved. The radiations might be called infra-infra-red waves, and their 
wavelength would appear to come in a rather empty portion of the spectrum 
—in fact the mitochondrion might be said to be broadcasting in a vacant 
channel! But chemical reactions involve also, in general, a change in shape and 
volume; and one would expect the mitochondrion therefore to be the centre 
of elastic waves, of an ultra ultra-sonic frequency. Both of these types of 
radiation would possess the same frequency; but whereas the wavelength of 
the electromagnetic waves would be expected to lie between say 1 and 1 mm., 
that of the elastic waves, on account of their far smaller velocity, would be 
rather of the order of % to 100 A. Further, the structure of the mitochondria 
would suggest that the radiations would not be emitted equally in all directions, 
but would be in the form of beams. It is difficult to say what sort of range, 
would be achieved by the beams, but it will be suggested later that under 
certain conditions the radiations might be quickly absorbed and the range 
would be correspondingly short. 

Several interesting consequences might follow from such a state of affairs 
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as I have outlined. In fact the interactions of wave systems are so numerous 
that they cannot be more than touched on and open endless possibilities. In 
the first place there might be a correlation in the movement of mitochondria 
and other cell organelles, such as is often observed in cell division. Then 
again the very short elastic waves might exert an ordering effect on the cell 
colloids (the dimensions of which would be comparable with their own wave- 
length), an effect somewhat analogous to the production of sand figures on a 
vibrating plate. It is not inconceivable that the impact of the radiations on the 
cell membrane, which it must be remembered has an effective thickness of 
the order of 50 A, might dynamically polarize it in the sense that it would 
actively admit external molecules by a sort of pinocytosis like a not-quite- 
genuine Maxwell’s demon. Alternatively it might increase its permeability as 
the impact of the waves locally weakened its structure. Permeability change 
or active uptake or excretion might in some such way be related directly to 
mitochondrial activity. 

Ion uptake. 'There is, however, another, and I think more interesting, way 
in which mitochondrial activity might be responsible for active movement, 
especially of ions. It is a well-known fact that bodies vibrating with the same 
period can in certain circumstances exert forces on each other, and this 
principle has been invoked, anparently unsuccessfully, to explain the attrac- 
tions existing between chromatids and other biological molecules. Here, how- 
ever, the matter would seem to be somewhat different, since mitochondria are 
the seat of active metabolic processes releasing energy. If in fact the principle 
can be applied here it would follow that the mitochondria might exert forces 
on molecules, among other things, which might be set vibrating at the same 
frequency by their radiations. It seems to me conceivable that ions might 
come into that category. Being charged they would of course respond dif- 
ferently from neutral molecules to the electromagnetic waves, and under 
certain circumstances they might, I think, experience an attraction. One 
pictures atoms in a solid as vibrating about fixed mean positions, whereas 
those in a gas possess no such anchorage. In liquids the state of affairs would 
seem to be somewhat intermediate, so that to some degree ions and other 
particles in a liquid would possess natural vibratory movements as well as the 
ability to diffuse fairly freely. Around an ion there is a fairly tight shell of 
water dipole molecules held electrostatically, and beyond this again further 
sh: lls held progressively less strongly. This whole structure would possess to 
some extent at least the elastic properties of a solid, and would therefore be 
capable of being set in forced or resonant vibrations by either elastic or 
electromagnetic waves of the right frequency. By some such mechanism as 
this it is possible that the mitochondria might promote the active uptake of 
ions into the cell without themselves being in immediate contact with the 
external solution. In this activity the previously suggested dynamic polariza- 
tion of the cell membrane might play a part. 

Such a mechanism would, I think, satisfy much of the experimental 
evidence hitherto regarded as supporting the carrier hypothesis. 
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In the first place it would satisfy the requirements relevant to the pheno- 
menon of saturation. It is well known that if the rate of active uptake is 
determined as a function of external concentration a curve rising asymptoti- 
cally to a limiting value is obtained (Fig. 2). This of course fits in very well 
with the carrier hypothesis; but it conforms equally well to the present one. 
Each ion or molecule suitably resonating with the wave field would be absorb- 
ing energy from it and so leaving less to promote the movement of other ions. 
Thus saturation would be reached sooner or later as their concentration was 
raised. 


RATE OF UPTAKE —> 








CONCENTRATION ——> 
Fic. 2 


Secondly, there is obviously scope here for selectivity and competition. 
Among the alkali metal ions, for instance, there is a progressive fall in the size 
of the water shells with rise in atomic weight, and this is accompanied by an 
increase in mobility. But the differences between lithium and sodium, or 
sodium and potassium are much greater than those between potassium, 
rubidium, and caesium. The latter three are fairly alike from this point of 
view, and rather diverse from the former two; hence it would not be sur- 
prising if in active uptake the alkali metal ions fell into two groups which 
showed competition only between their own members. It has been reported, 
in confirmation of this, that sodium at least in some cases does not compete 
with potassium, whereas ribidium does. Of course, these facts could equally 
well fit into the carrier hypothesis. 

It is not necessary to assume that an ion which is not being actively absorbed 
would therefore be without effect. It could, in company with similar ions, act 
as a reflector for the electomagnetic waves, and by this means it might react 
to promote the active uptake of other ions. Such a situation has often been 
observed; the addition of sodium, for instance, raising the uptake of potas- 
sium; and calcium that of nitrate. As a matter of fact it is not impossible on 
some such lines as these to account for even such general phenomena as ‘salt 
respiration’, the enhancement of oxygen consumption in the presence of salts. . 
Waves are either transmitted, absorbed, or reflected; and in general an atmo- 
sphere of ions would behave towards the electro-magnetic waves like a metallic 
conductor towards light—it would be either absorbing or reflecting, or partly 
both, depending on frequency relationships. Waves absorbed might, on the 
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present suppositions, lead to active uptake; waves reflected would return to 
the source and might conceivably increase its activity, on the analogy of a fire 
whose ray were reflected back upon itself. 

Vacuolar accumulation. 'There is one problem in this connexion which 
would seem to present rather more difficulty, the problem of accumulation 
in the vacuole. If the mitochondria do, in fact, attract specific ions then it 
would, on the surface, appear that they should draw them out of the vacuole 
rather than push them in; and that accumulation should take place only within 
the cytoplasm. But this conclusion is, I think, unnecessary. It has to be 
remembered that ions in the external solution are presented with a uni- 
directional flux of radiation, whereas those in the vacuole are exposed to it 
from all sides. It would not be surprising therefore if, like moths surrounded 
by lights, they hesitated to go anywhere. This way round the difficulty might 
be harder to apply to the case of a large coenocyte like Valonia, and it might 
become necessary to invoke other explanations. One such is not difficult to 
find. As the ions approached a mitochondrion it might be expected that their 
vibrations would become more intense; intense enough, in fact, to partially 
disrupt their water shells. This would alter their frequencies, and with it the 
attractive forces that they experienced. The result would be that they ac- 
cumulated near but not at the mitochondrion and in the form of particles 
possessing less water of hydration than usual, but greater kinetic energy than 
corresponded to the normal energy of thermal agitation. Both these factors 
would promote passage of the tonoplast membrane if that lay near enough. 
In view also of the fact that the tonoplast membrane might itself be dynamic- 
ally polarized I do not think that the phenomenon of vacuolar accumulation 
presents prima facie any insuperable obstacle to the suggestions. Even if the 
cell is a very large one, as is the case with Valonia, if the mitochondria are 
closer to the tonoplast than to the plasma membrane the whole complex 
might possess a unidirectional pumping action, much as in the presence of 
luminous energy electrons are passed actively across the rectifying ‘membrane’ 
of a selenium photocell. 

Protein synthesis. Another interesting possibility of a quite different kind 
concerns the mechanism for synthesis of proteins and nucleic acids. The 
problem here is to account for self-duplication in the case of the nucleic acids, 
and the production of highly specific molecules in the case of the proteins. 
Penrose (1957) has suggested a very simple mechanical analogue for the self- 
duplicating process. In this, specially shaped blocks of wood are confined in 
a horizontal tray which is agitated lengthwise. A significant point about this 
model is that the agitation supplied to the blocks has to be confined in 
direction; were it to be entirely random in direction it would destroy the 
groupings it produced as fast as it made them. Microscopically speaking, 
therefore, if the analogue is a valid one, Brownian movement would be useless; 
some sort of ordered motion is required corresponding to a provision of free 
energy. It is here that there is a possible role for the radiation fields suggested 
in this paper; they would be capable, in the thermodynamic sense, of initiating 
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molecular ordering, since, unlike Brownian energy, they themselves possess 
several degrees of order. The strikingly bipolar properties of amino-acids may 
also be significant. 

Conclusion. The theory put forward in this paper rests fundamentally on 
the assumption that in metabolising systems as small as the compartments of 
mitochondria and chloroplasts chemical reactions would take on a periodic or 
oscillatory nature; that is, that they would begin to show one or more definite 
frequencies instead of a purely random distribution of frequencies such as 
corresponds to thermal ‘noise’. It introduces also as a separate part thé idea 
that hydrated ions possess a natural frequency in the same general range. I 
must confess that I am not entirely convinced on either of these points, but 
I think they are as plausible as the suppositions of the carrier hypothesis or 
the doctrine of anion respiration. Unfortunately the size of the systems con- 
cerned falls in a range which is difficult to treat mathematically; it is rather 
like the calculation of the flow of a gas through pores too small to be treated 
by Poiseuille’s equation but too large for the molecules to be regarded as pass- 
ing through singly. Nor I think would the frequencies be such as could easily 
be detected experimentally, at least at the moment. But experimental diffi- 
culties of the same order apply to carrier theory. I think the theory possesses, 
however, several particular attractions; it suggests a direct link between active 
uptake of ions, and perhaps of other particles, and mitochondrial activity ; and 
it is potentially much wider in its implications than alternative hypotheses. 
Competition is good; and even if it proves to be wholly untenable, as it may 
well do, it will have performed a useful function if it merely presents a chal- 
lenge to the carrier hypothesis which seems for too long to have had matters 
all its own way. 
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